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Chapter	1.	
Introduction	Pain	originating	from	the	low	back	is	a	very	common	complaint	[1].		Although	much	is	 known	 about	 the	 cause	 of	 low	 back	 pain,	 our	 understanding	 of	 the	 disease	processes	 that	 lead	 to	 back	 pain	 is	 far	 from	 complete.	 	 This	 deficit	 is	 obvious	 in	clinical	 practice.	 	 Patients	 who	 present	 with	 low	 back	 pain	 rarely	 display	 the	classical	 symptoms	 as	 described	 in	 textbooks	 and	 approaches	 to	 treatment	 vary	considerably	among	healthcare	providers.	With	the	invention	of	flexible	endoscopy	of	 the	 spinal	 canal,	 a	 new	 investigational	 tool	 has	 become	 available	 [2].	 The	opportunity	 to	 inspect	 the	 contents	 of	 the	 spinal	 canal	 directly,	 to	 obtain	information	that	may	lead	to	better	understanding	of	the	cause	of	low	back	pain	and	to	develop	a	new	approach	to	treatment,	has	been	the	motivation	for	the	research	presented	in	this	thesis.	Flexible	 endoscopy	of	 the	 spine	 is	new.	 	 It	 is	not	always	possible	 to	describe	new	results	 in	 terms	of	 conventional	knowledge.	To	avoid	 confusion,	back	pain	will	be	defined	 in	 such	 a	 way	 that	 the	 meaning	 of	 the	 term	 remains	 unambiguous	throughout	this	text	(Table	1).			
Table	1.				Definitions	of	terms	used	in	the	thesis	
_____________________________________________________________________________________	
Pain	-	An	unpleasant	sensory	and	emotional	experience	associated	with	actual	or	potential	tissue	damage,	or	described	in	terms	of	such	damage.	
Nociception	-	The	neural	process	of	encoding	noxious	stimuli.	
Noxious	stimulus	-	A	stimulus	that	is	damaging	or	threatens	damage	to	normal	tissues.	
Back	pain	-	Pain	originating	from	the	tissues	that	constitute	the	back	
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Nociceptive	back	pain		-	Pain	evoked	by	noxious	stimulation	of	the	tissues	that	constitute	the	back	
Somatic	referred	pain	–	Pain	perceived	in	regions	innervated	by	nerves	other	than	those	that	innervate	the	site	of	noxious	stimulation	
Neuropathic	pain	-	Pain caused	by	damage	or	disease	affecting	the	somatosensory	nervous	system.	
Radicular	pain	–	Neuropathic	pain	evoked	by	ectopic	discharges	emanating	from	a	dorsal	root	or	its	ganglion	
Radiculopathy	–	Neurological	state	in	which	conduction	is	altered	along	a	spinal	nerve	or	its	root	
Sensitization	-	Increased	responsiveness	of	nociceptive	neurons	to	their	normal	input,	and/or	recruitment	of	a	response	to	normally	sub-threshold	inputs.	
Specific	low	back	pain	-	Low	back	pain	attributable	to	a	recognizable,	known	specific	pathology	
Non-specific	low	back	pain	-	Low	back	pain	that	is	not	attributable	to	a	recognizable,	known	specific	pathology		Idiopathic	low	back	pain	–	Back	pain	arising	spontaneously	or	from	an	obscure	or	unknown	cause	
Common	low	back	pain	–	Back	pain	arising	from	a	sensitized	segment	of	the	peridural	membrane	of	the	spine	_________________________________________________________________________________________________		In	 addition,	 an	 attempt	 will	 be	 made	 to	 identify	 and	 define	 the	 (large)	 group	 of	patients	with	low	back	who	are	the	subjects	of	our	investigations.	This	is	not	a	trivial	task.	Back	pain	is	a	considerable	problem	for	people	and	for	society	in	general,	but	a	universal	 accepted	 classification	 of	 back	 pain	 and	 a	 standardized	 approach	 to	
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treatment	does	not	exist.	In	this	thesis,	low	back	pain	is	classified	as	either	specific	(i.e.	when	 a	 specific	 cause	 for	 back	 pain	 can	 be	 identified)	 or	 non-specific	 (i.e.	 all	other	back	pain).	Limitations	of	the	classical	theory	of	specific	low	back	pain	will	be	discussed,	 in	particular	the	concept	of	“a	pinched	nerve”;	not	all	pain	that	radiates	down	a	 leg	 is	 radicular	 in	origin!	Non-specific	 low	back	will	be	discussed	 in	 some	detail,	 because	 to	 find	 a	 source	 of	 pain	 in	 this	 group	 of	 patients	 is	 the	 principal	objective	of	this	research.			
1.1.			Definition	of	low	back	pain	The	concept	of	back	pain	is	familiar	to	most	of	us,	but	the	scientific	meaning	of	the	term	is	not	clear.		The	WHO	defines	“pain”	as	“an	unpleasant	sensory	and	emotional	experience	associated	with	actual	or	potential	tissue	damage,	or	described	in	terms	of	such	damage”	[3].	Gray’s	anatomy	describes	the	term	“back	“as	“the	whole	of	the	posterior	 of	 the	 trunk	 and	 the	 neck”	 [4].	 	 Low	 back	 pain	 may	 then	 be	 defined	topographically	 as	 pain	 felt	 in	 the	 region	 of	 the	 back	 that	 is	 located	 between	 the	lower	ribs	and	the	lower	gluteal	folds	[5].		This	definition	is	commonly	used,	but	is	too	 restrictive	 for	 the	 purpose	 of	 this	 text	 because	 it	 does	 not	 include	 pain	 that	radiates	beyond	these	boundaries,	such	as	leg	pain.	Therefore	a	tissue	definition	of	back	pain	is	used	[6]:	“Back	pain	is	pain	that	is	evoked	through	painful	stimulation	of	 the	 anatomical	 structures	 that	 constitute	 the	 back”,	 i.e.	 skin,	 muscle,	 ligament,	bone	and	nerve	tissue.					The	 type	 of	 pain	 originating	 from	 the	 back	 depends	 on	 the	 exact	 location	 of	 the	actual	or	potential	tissue	damage,	the	painful	stimulus	the	injury	evokes	and	on	the	nerve	 pathways	 through	 which	 pain	 information	 is	 processed.	 Pain	 caused	 by	noxious	 stimulation	 of	 anatomical	 structures	 of	 the	 back,	 with	 exception	 of	 the	spinal	nerves	and	dorsal	root	ganglion,	 is	usually	dull	and	aching	 in	character	and	felt	 in	 a	 region	 of	 the	 back.	 This	 type	 of	 pain	 is	 defined	 as	nociceptive	 back	 pain.		Stimulation	of	tissues	may	also	produce	pain	that	is	perceived	in	regions	of	the	body	innervated	 by	 nerves	 other	 than	 those	 that	 innervate	 the	 site	 of	 the	 noxious	
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stimulation.	 	 This	 type	 of	 pain	 is	 defined	 as	 somatic	 referred	 pain	 and	 must	 be	distinguished	 from	radicular	pain,	which	 involves	stimulation	of	 the	nerve	root	or	dorsal	root	ganglion.	 	Somatic	referred	pain	is	best	explained	through	convergence	of	 nociceptive	 afferents	 of	 the	 tissues	 of	 the	 back	 and	 afferent	 nerves	 from	 other	regions	of	the	body	on	second	order	neurons	in	the	spinal	cord.	It	is	dull,	aching	and	gnawing	 and	 expansive	 without	 well-defined	 boundaries.	 	 The	 distribution	 of	somatic	referred	pain	is	non-dermatomal	and	varies	widely	among	patients	[6,	7].			Neuropathic	 pain	 may	 result	 when	 nerve	 tissue	 is	 damaged.	 Neuropathic	 pain	 is	generated	by	 ectopic	discharges	of	 unstable	neurons	 [3,	 7].	 In	 the	 spine,	 injury	 to	neurons	may	be	caused	by	pressure	on	the	nerve	root	or	dorsal	root	ganglion,	 for	example	by	 a	 herniated	disc	 [8,	 9].	 The	 character	 of	 this	 type	of	 pain	 is	markedly	different	 from	 nociceptive	 back	 pain	 or	 somatic	 referred	 pain.	 	 It	 is	 lancinating,	electrical	or	shock	like	and	travels	often	down	the	leg	in	a	narrow	discrete	band	that	is	not	necessarily	dermatomal	 [6,	10,	11].	This	 type	of	pain	 is	defined	as	radicular	
pain.		In	the	remainder	of	this	text	the	term	“low	back	pain”	will	include	any	combination	of	 nociceptive	pain,	 somatic	 referred	pain	and	 radicular	pain	 originating	 from	 the	back,	without	reference	to	the	nature	of	its	source.		
	
1.2.		Prevalence	of	low	back	pain	Mechanical	 properties	 of	 the	 spine	 in	 the	 upright	 person,	 may	 explain	 the	 high	prevalence	 of	 low	 back	 pain	 [12-14].	 An	 acute	 injury	 or	 chronic	 exposure	 to	excessive	stress	leads	to	damage	of	the	most	vulnerable	elements	of	the	spine.			The	body’s	 response	 to	damage	 is	 inflammation	and	pain.	 	 For	 this	 reason,	most	of	us	(four	out	of	 five	people)	will	have	several	episodes	of	severe	back	pain	during	our	lives.	At	any	given	time,	one	in	five	people	may	have	complaints	of	back	pain	[5,	15-18].	Pain	will	usually	resolve	with	time	[15].			This	is	because	back	pain	protects	us	from	any	further	damaging	insults	to	the	integrity	of	the	spine	so	recovery	can	take	
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place.	However	recurrence	of	pain	is	common	and	may	occur	in	one	third	of	people	with	 new	 onset	 back	 pain	 [15,	 18,	 19].	 In	 some	 people	 (10%),	 back	 pain	will	 not	resolve	 and	 becomes	 chronic	 [5,	 15].	 Persistent	 low	 back	 pain	 may	 still	 have	 a	protective	 function	but	often	 leads	 to	 suffering	 that	 interferes	with	daily	activities	and	 responses	 to	 demands	 of	 society.	 	 Indeed,	 permanent	 disability	may	 occur	 in	12%	 of	 people	 with	 chronic	 low	 back	 pain	 [5,	 15]	 and	 has	 considerable	psychological,	 social	 and	 economical	 impact	 [1,	 20].	 After	 respiratory	 infections,	back	pain	 is	 the	most	 common	 complaint	 for	which	 a	 patient	 seeks	 attention	 and	treatment	of	low	back	pain	has	become	an	integral	part	of	health	care	[21,	22].			
1.3.			Classification	of	low	back	pain	Knowledge	 of	 the	 etiology	 and	 pathogenesis	 of	 low	 back	 pain	 is	 incomplete.	 In	addition,	lack	of	uniformity	in	definition	and	terminology	used	in	scientific	reports,	make	results	of	epidemiological	and	outcome	studies	difficult	to	interpret	[23,	24].	For	example,	 failure	 to	differentiate	radicular	pain	 from	somatic	 referred	pain	has	lead	to	major	discrepancies	in	reports	[15,	25,	26].	Indeed,	there	is	no	consensus	on	the	 classification	 of	 low	 back	 pain	 [27].	 	 One	 approach	 is	 to	 identify	 patients	 in	whom	 the	 cause	 of	 low	 back	 pain	 is	 known	 (e.g.	 neoplasm,	 structural	 deformity,	herniated	disc).	From	a	clinical	perspective,	pain	due	to	a	lesion	clearly	identifiable	by	 diagnostic	 tests	 and	 physical	 examination	 that	 can	 be	 causally	 linked	 to	 the	nature	and	location	of	the	pain	is	referred	to	as	specific	pain.	Unfortunately,	such	a	lesion	can	be	found	in	less	than	10%	of	people	with	low	back	pain,	in	which	case	low	back	pain	is	classified	as	non-specific	[5,	15,	16,	22]	(Figure	1).	
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Figure	1.		Venn	diagram.		Tissue	origin	of	low	back	pain.		
1.3.1.			Specific	low	back	pain	In	1934	Mixter	and	Barr,	two	neurosurgeons	at	the	Massachusetts	General	Hospital,	published	the	results	of	a	study	in	which	they	described	pain	caused	by	compression	of	a	nerve	by	a	herniated	disc	[8].		In	this	landmark	paper,	removal	of	the	herniated	disc	resulted	in	resolution	of	back	and	leg	pain.	 	This	concise	and	clear	mechanism	set	 the	 tone	 for	our	understanding	of	 the	pathophysiology	of	back	pain	and	 forms	the	 basis	 for	 how	we	 evaluate	 and	 treat	 patients	with	 back	 pain	 to	 this	 very	 day.	However,	as	time	progressed	it	became	clear	that	not	everyone	with	low	back	pain	
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and	leg	pain	has	a	“pinched	nerve”.	 	 In	 fact,	 true	radicular	pain	occurs	 in	 less	than	10	%	of	patients	[5,	6,	28].	Alternative	causes	of	low	back	pain	have	been	proposed,	such	 as	 arthropathy	 of	 the	 small	 joints	 of	 the	 spine	 (i.e.	 facet	 joint	 pain)[29,30]],	inflammation	 of	 the	 joints	 of	 the	 pelvis	 (e.g.	 sacroiliac	 joint	 or	 hip	 pain)	 [31,	 32],	degeneration	of	the	disc	(e.g.	discogenic	low	back	pain)[33-37]	or	disease	of	muscle	and/or	 fascia	 (e.g.	myofascial	pain	or	 fibromyalgia)[38-42]	as	well	as	a	number	of	psychological	 and	 social	 pathophysiological	 processes	 [15,	 16,	 22].	 	 Advanced	clinical	and	research	tools	have	been	used	to	identify	and	classify	specific	causes	of	low	 back	 pain,	 but	with	 limited	 success	 [6,	 7,	 15,	 16,	 43,	 44].	 	 In	 today’s	medical	practice,	evaluation	of	 low	back	pain	relies	heavily	on	 imaging	 technology	such	as	MRI	or	CT	scan	and	electrophysiological	studies	such	as	EMG	or	SEPP	[43,	45-48].	However	the	utility	of	these	tools	still	revolves	around	the	concept	of	a	compressed	nerve	as	described	by	Mixter	and	Barr	in	1934,	and	false	positive	or	negative	results	are	 common	 [36,	 49-60].	 Interventional	 diagnostic	 methods	 that	 target	 specific	anatomical	structures,	such	as	provocative	arthrography,	discography	or	diagnostic	nerve	blocks,	may	identify	alternative	pathology	but	these	methods	are	also	of	low	specificity	and	sensitivity	[6,	16,	43,	44,	61,	62].		Lack	of	accuracy	in	the	diagnosis	of	the	 cause	 of	 low	 back	 pain	 is	 reflected	 in	 unpredictable	 and	 often	 unsatisfactory	results	of	treatment	[63,	64].		
	
1.3.2.			Non-specific	or	Idiopathic	low	back	pain	Non-specific	low	back	pain	is	defined	as	low	back	pain	not	attributable	to	a	known	recognizable	 pathology	 [5,	 15,	 16].	 In	 some	 reports,	 non-specific	 low	back	 pain	 is	viewed	as	a	cultural	problem	rather	than	a	disease,	with	a	strong	psychological	and	social	overlay	[15,	16,	65,	66].		In	other	reports,	however,	this	kind	of	low	back	pain	is	 considered	 to	 be	 idiopathic,	 i.e.	 viewed	 as	 a	 symptom	of	 an	 underlying	 disease	process	that	is	simply	not	known	[67,	68].			Clinical	experience	and	epidemiological	studies	 suggests	 that	many	patients	with	 idiopathic	 or	 non-specific	 low	back	pain	share	a	characteristic	clinical	presentation		(Table	2).	[5,	15,	16,	22].			
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Table	2.	Characteristics	of	non-specific	or	idiopathic	low	back	pain.	
_________________________________________________________________________________________________	
History:	Location:	One	or	more	regions	of	the	lower	back	Associated	pain:	Leg,	hips,	groin,	and	abdomen,	mid	or	upper	back	Character:	Dull,	aching,	sharp	or	burning	Intensity:	Mild	to	severe,	constant	or	variable	Onset:	Fall	or	lifting	injury,	but	inciting	event	often	not	recalled	Worse:	Siting,	standing	Better:	Rest	
Physical	examination:	Inspection:	Gait	usually	normal	Palpation:	Diffuse	tenderness,	sometimes	localized	Neurological:	Without	deficit	Range	of	motion:	Limited,	but	variable	Provocative	tests	(Lasegue’s,	Kemp’s,	Faber’s,	etc.):	Equivocal	
Epidemiology:	Positive	factors:		Obesity,	smoking	and	genetics	Possible	factors:	Psychological,	social	and	cultural	Negative	factors:		Age,	sex.			Mechanical	(ergonomics,	work	related,	etc.)	
Diagnostic	testing:	Laboratory	studies:		Non-contributory	Imaging	studies	(i.e.	x-ray,	MRI,	CT-scan):		Non-contributory[159]	Electrophysiological	studies	(i.e.	EMG,	SEPP):		Non-contributory	
Prognosis:	Acute:		Self-limiting	in	most	patients	
	 15	
Recurrent:		Approximately	one	third	of	patients	Chronic:	Ten	percent	of	patients	Disability:	Twelve	percent	of	patients	with	chronic	low	back	pain	
Treatment	guidelines:	Beneficial:		Self-management,	brief	education	and	weak	analgesics	Possibly	beneficial:		Rest,	physical	therapy,	spinal	manipulation	and	psychotherapy	Not	beneficial:		Prolonged	bed	rest,	therapeutic	injections	and	surgery	of	the	spine.	_________________________________________________________________________________________________			By	 definition,	 idiopathic	 or	 non-specific	 low	back	 pain	 can	be	 differentiated	 from	specific	low	back	pain,	often	on	clinical	grounds	alone.		Mechanical	compression	of	a	dorsal	 root	 ganglion	 is	 very	 uncomfortable	 and	 compression	 of	 the	 spinal	 nerve	results	in	loss	of	sensation	or	muscle	weakness.		Pain	originating	from	an	injured	or	arthritic	spinal	joint	is	sharp	in	nature	and	depends	on	the	motion	of	the	joint.	Other	pathologies	such	as	neoplasm,	infection	or	fracture	of	the	spine	also	have	a	typical	clinical	 presentation.	 Imaging	 studies,	 electrophysiological	 studies	 and	 diagnostic	nerve	blocks	are	helpful	in	the	differential	diagnosis	pain	but	are	rarely	conclusive	in	 patients	 presenting	 with	 idiopathic	 or	 non-specific	 low	 back	 pain	 and	 are	 in	general	 not	 recommended	 [5,	 15,	 66,	 69].	 	 At	 this	 time,	 lack	 of	 a	 pathological	substrate	 is	 reflected	 in	 non-specific	 treatment.	 	 According	 to	 current	 guidelines,	treatment	of	non-specific	or	idiopathic	low	back	pain	is	“self-management”.	Physical	therapy	 and	 spinal	 manipulation,	 judicious	 use	 of	 medications	 and	psychotherapeutic	methods	such	as	cognitive	behavioral	 therapy	may	be	useful	 in	some	 patients.	 	 Although	 symptoms	 are	 usually	 relieved	 with	 sustained	 rest,	prolonged	 bed	 rest	 is	 not	 recommended.	 According	 to	 some	 investigators,	effectiveness	of	therapeutic	injections	or	surgery	in	the	treatment	of	non-specific	or	idiopathic	low	back	pain	has	not	been	demonstrated	and	should	be	avoided	[5,	15,	16,	70].		
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1.4.			Scientific	background	of	the	thesis	In	recent	years,	advances	 in	 fiberoptic	 technology	have	significantly	 improved	our	ability	 to	 visualize	 the	 inside	 of	 the	 human	 body.	 	 Fiberoptic	 endoscopes	 are	steerable	 and	 magnification	 of	 images	 can	 provide	 detailed	 information	 of	anatomical	structures	inside	the	spinal	canal.	The	advantage	of	this	approach	is	that	inspection	can	be	done	without	the	distortion	caused	by	gross	anatomical	dissection	or	open	 surgical	 exploration.	 	Application	of	 this	 technology	 in	patients	with	non-specific	or	idiopathic	low	back	pain	has	been	the	driving	force	behind	the	research	presented	 in	 this	 thesis.	 	 But	 as	 experience	 in	 the	 field	 of	 spinal	 endoscopy	 is	growing,	it	has	become	clear	that	current	knowledge	of	the	anatomy	and	pathology	of	 the	 spinal	 canal	 is	 insufficient	 to	 explain	 findings.	 	 For	 this	 reason	 the	 scope	of	research	presented	in	this	thesis	was	expanded.		A	series	of	microscopic	dissections	of	the	human	cadaveric	spine	was	performed	and	finer	details	of	peridural	anatomy	were	 studied.	 Methods	 from	 immunohistochemistry	 were	 applied	 to	 examine	certain	histological	aspects	of	the	peridural	tissues.			As	a	preliminary	to	the	presentation	of	the	research	presented	in	this	thesis,	some	technical	aspects	of	flexible	fiberoptic	endoscopy	of	the	spine	will	be	discussed	and	research	 literature	 with	 respect	 to	 the	 application	 of	 this	 technology	 to	 clinical	practice	 will	 be	 reviewed.	 	 This	 will	 be	 followed	 by	 a	 brief	 description	 of	 spinal	anatomy	for	endoscopy,	in	particular	of	the	neural	foramen	and	one	of	the	coverings	it	contains	–	the	peridural	membrane.		
1.4.1.		Epiduroscopy	In	 1989,	 Heavner	 et	 al	 developed	 a	 new	method	 for	 the	 evaluation	 of	 the	 spinal	canal	 –	 epiduroscopy	 [2,	 74,	 75].	 	 	 Epiduroscopy	 involves	 insertion	 of	 a	 flexible	steerable	endoscope	into	the	spinal	canal	that	allows	one	to	see	inside	the	epidural	cavity.	 The	 epidural	 cavity	 is	 the	 space	 that	 exists	 between	 the	wall	 of	 the	 spinal	
	 17	
canal	and	the	dura,	a	 fibrous	sheath	that	contains	the	spinal	cord	and	nerve	roots.	Contrary	to	general	knowledge	the	epidural	space	is	not	virtual,	but	is	a	cavity	filled	with	 fat	 tissue,	 fibrous	 membranes,	 ligaments,	 lymph	 and	 blood	 vessels	 and	 an	extensive	 plexus	 of	 nerve	 tissue	 [76-79].	 Epidural	 structures	 and	 tissues	 play	 an	important	role	in	the	proper	functioning	of	the	highly	mobile	spine	and	the	central	nervous	 system	 components	 it	 contains.	 	 Endoscopic	 investigation	 of	 the	 spinal	canal	has	been	reported	as	early	as	1938	[80].	 	Initial	observations	were	mainly	of	the	 intrathecal	 space	 (i.e.	 the	 space	 contained	 by	 the	 dura)	 and	 considerable	progress	 has	 been	made	 in	 this	 area	 [81-87].	 	 Blomberg	was	 the	 first	 to	 describe	endoscopy	of	the	epidural	cavity	[88-91].	He	placed	a	rigid	endoscope	designed	for	arthroscopy,	 between	 the	 vertebral	 lamina	 into	 the	 spinal	 canal.	 	 Heavner	 et	 al	developed	 a	 trans-sacral	 approach	 to	 the	 epidural	 space	 [2].	 	 In	 this	 technique	 a	flexible	fiberoptic	endoscope	is	advanced	through	the	hiatus	of	the	sacrum	into	the	spinal	canal	and	allows	inspection	of	the	entire	epidural	cavity	as	far	as	the	cervical	region.	 	 A	 transforaminal	 and	 inter-laminar	 approach	 to	 the	 epidural	 cavity	 have	also	been	reported,	but	these	procedures	are	technically	demanding,	limited	to	the	study	of	only	a	few	segments	of	the	spine	and	may	be	prone	to	complications	[92-94].	 	 Trans-sacral	 insertion	 of	 an	 epiduroscope	 into	 the	 epidural	 cavity	 is	 usually	straight	forward,	but	extracting	useful	information	from	epiduroscopy	is	a	challenge	[95].	 	Technical	limitations	of	currently	existing	flexible	endoscopes,	which	have	to	be	maneuvered	 in	 the	narrow	epidural	 space	of	 a	 spinal	 canal	with	 a	diameter	 of	approximately	1	cm,	restrict	inspection	of	the	epidural	cavity	to	only	small	sections	of	the	epidural	cavity	at	a	time.	In	addition,	fat	and	connective	tissue	often	hinders	good	visualization	and	naturally	narrow	lateral	recesses	or	presence	of	dense	scar	tissue	 may	 altogether	 prevent	 the	 scope	 from	 passing	 into	 areas	 of	 interest.		However	with	the	help	of	 judicious	saline	injections	(to	dilate	the	epidural	cavity),	fluoroscopy	 	 (to	 give	 the	 exact	 location	 of	 the	 scope	 in	 the	 spinal	 canal)	 and	 the	magnification	 property	 of	 endoscopy,	 the	 epidural	 cavity	 can	 be	 studied	 in	 detail	without	 the	 disruption	 caused	 by	 open	 surgical	 exploration	 [96].	 This	 way,	endoscopic	inspection	of	the	epidural	space	may	identify	pathological	changes	such	as	hyperemia,	increased	vascularity	or	presence	of	fibrosis	and	adhesions.		Ability	to	
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steer	 and	 maneuver	 the	 scope	 inside	 the	 spinal	 canal	 can	 also	 provide	 useful	information.	 	 Obstruction	 to	 scope	 advancement	 suggests	 spinal	 stenosis	 or	presence	 of	 severe	 epidural	 scarring.	 	 A	 patient’s	 response	 to	 contact	 of	 specific	epidural	 tissues	 with	 the	 tip	 of	 the	 epiduroscope	 can	 be	 used	 to	 identify	 the	anatomical	region	where	pain	may	originate	and	is	a	property	of	epiduroscopy	that	is	extensively	used	in	our	investigations	[97-100].	The	action	of	the	scope	may	also	be	useful	 in	 the	 treatment	of	 low	back	pain,	 for	 example,	 the	 removal	of	 inflamed	tissue	from	painful	sites	or	for	breaking	of	adhesions	in	an	attempt	to	improve	local	blood	flow	to	nerve	tissue.		In	addition	to	the	mechanical	properties,	the	endoscope	has	 a	 working	 channel	 through	 which	 medications	 can	 be	 injected	 or	 surgical	instruments	advanced	into	the	region	of	the	pathology.		Several	 investigators	 have	 reported	 on	 the	 clinical	 application	 of	 epiduroscopy.	Technical	 limitations	 (i.e.	 poor	 image	 quality)	 and	 lack	 of	 a	 systematic	 approach	make	 the	 results	 of	 these	 studies	 difficult	 to	 interpret.	 	 Most	 investigators	 have	evaluated	 epiduroscopy	 with	 respect	 to	 outcome	 of	 treatment	 of	 a	 specific	pathology	 associated	 with	 low	 back	 pain,	 e.g.	 use	 of	 epiduroscopy	 for	 targeted	injection	 of	 glucocorticosteroids	 at	 an	 inflamed	 nerve	 root	 or	 for	 rupture	 of	peridural	 adhesions,	 but	 not	 in	 terms	 of	 objective	 epiduroscopic	 observations.	Richardson	reported	on	spinal	endoscopy	in	38	patients	with	chronic	low	back	pain	and	 radiculopathy,	 of	 whom	 nineteen	 were	 diagnosed	 with	 failed	 back	 surgery	syndrome	[101].	The	affected	nerve	root	was	identified	through	the	patient’s	history	and	 confirmed	 by	 replication	 of	 pain	 on	 direct	 contact	 with	 the	 nerve	 root.	 The	investigators	 reported	adhesions	around	painful	nerve	 roots	 in	all	patients.	Dense	scar	 tissue	 and	 a	 filling	 defect	 on	 epidurography	 were	 reported	 in	 a	 number	 of	patients.	Geurts	et	al,	used	epiduroscopy	in	the	evaluation	and	treatment	of	twenty	patients	 diagnosed	 with	 “sciatica”	 and	 reported	 the	 observation	 of	 inflamed	 and	congested	 nerve	 roots	 and	 presence	 of	 adhesions	 and	 granulation	 tissue	 [97].	Findings	 were	 illustrated	 with	 labeled	 endoscopic	 images	 but	 were	 not	 further	analyzed.	Ruetten	et	al	reported	presence	of	inflammation,	which	they	characterized	as	“an	increase	in	vascular	imaging	compared	to	the	environment”,	and	“	a	degree	of	
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adhesions	to	be	rated	as	epidural	fibrosis”.	In	their	investigation	they	were	able	to	elicit	 “memory	 pain”	 in	 patients	with	 inflammation	 and	 reported	 improvement	 of	symptoms	when	adhesiolysis	of	epidural	 tissue	bands	with	a	 laser	was	performed	[98,	 102].	 	 Igarashi	 evaluated	 the	 application	 of	 epiduroscopy	 by	 breaking	 down	epidural	 adhesions	 in	 elderly	 patients	 with	 lumbar	 spinal	 stenosis[103].	 	 In	 this	study,	a	quantitative,	but	not	a	qualitative,	 analysis	of	 the	presence	of	 fatty	 tissue,	fibrosis,	adhesions	and	vascularity	was	given.		To	treat	their	patients,	fluid	injections	and	 gentle	 movement	 of	 the	 scope	 were	 used	 to	 remove	 fibrous	 strings	 and	adhesions	in	the	epidural	space.		The	presence	of	a	painful	nerve	root,	as	diagnosed	by	 neurophysiological	 and	 radiographic	 examination,	 was	 then	 confirmed	 by	 the	replication	 of	 pain	 when	 the	 epiduroscope	 touched	 the	 treated	 nerve	 root.		Dashfield	 et	 al	 used	 a	 similar	 approach	 and	 confirmed	 the	 diagnosis	 of	 a	 pre-operatively	diagnosed	radicular	pain	 through	manipulation	of	a	painful	nerve	root	[99].	They	reported	the	presence	of	“very	little	scar	tissue”	but	did	not	give	further	details	on	their	observations.			In	 many	 studies,	 pathological	 changes	 such	 as	 fibrosis,	 granulation,	 altered	vascularization	or	presence	of	canal	stenosis	have	been	reported	but	few	attempts	were	 made	 to	 give	 a	 precise	 description	 or	 an	 objective	 interpretation	 of	epiduroscopic	images	[104-108].	There	is	no	consensus	among	investigators	on	the	epiduroscopic	 criteria	 by	 which	 pathology	 is	 defined,	 the	 disease	 process	 this	pathology	may	represent	or	the	mechanism	by	which	proposed	treatment	exerts	its	effect,	because	 interpretation	of	 images	 is	still	very	subjective	and	depends	on	the	knowledge	and	experience	of	 the	observer.	 	Some	 investigators	have	attempted	to	obtain	measurable	and	reproducible	data	 from	epiduroscopy[109,	110].	 	Recently,	Pereira	et	al	used	epiduroscopy	to	take	biopsies	of	epidural	scar	tissue	 in	patients	diagnosed	 with	 failed	 back	 surgery	 syndrome	 [109].	 	 To	 date,	 apart	 from	 few	exceptions,	 diagnostic	 epiduroscopy	 has	 been	 mostly	 used	 to	 confirm	 known	pathology	 in	 patients	 with	 a	 specific	 diagnosis	 of	 low	 back	 pain	 [5,	 16,	 111].	Unfortunately,	in	the	majority	of	patients	back	pain	is	not	specific	or	idiopathic,	i.e.	the	 pathology	 is	 not	 known	 [15].	 An	 objective	 and	 systematic	 investigation	 of	
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endoscopic	 evaluation	 of	 the	 epidural	 cavity	 in	 these	 patients	 is	 currently	 not	available.		
	
1.4.2.			Anatomy	of	the	neural	foramen	The	spinal	canal	contains	the	spinal	cord	and	nerve	roots.	 	These	nerve	structures	are	 surrounded	 by	 cerebrospinal	 fluid	 contained	 by	 a	 functional	 membrane,	 the	arachnoid	 and	 a	 structural	 membrane,	 the	 dura	 mater.	 	 The	 spinal	 cord	 most	commonly	 ends	 at	 the	 first	 or	 second	 lumbar	 vertebra	 (L1	 or	 L2).	 	 Nerve	 roots	originate	from	the	spinal	cord	and	leave	the	spinal	canal	through	the	neural	foramen	(Figure	2).	The	boundaries	of	the	neural	foramen	are	formed	by	the	pedicles	above	(superior)	 and	below	 (inferior),	 by	 the	 ligamentum	 flavum,	 lamina	 and	 facet	 joint	(posterior)	and	by	the	vertebral	body	and	disc	(anterior).	 	The	width	of	the	neural	foramen	 is	equal	 to	 the	 length	of	 the	pedicle.	 	Medial	 to	 the	neural	 foramen	 is	 the	lateral	 recess,	 the	 space	 between	 the	 dura	 proper	 and	 internal	 aperture	 of	 the	neural	foramen	and	the	medial	aspect	of	the	pedicle.		The	paraspinal	space	is	located	lateral	to	the	external	aperture	of	the	neural	foramen	and	outer	aspect	of	the	pedicle	[4,	112].			The	 neural	 foramen	 can	 be	 further	 divided	 into	 an	 inferior	 and	 superior	compartment	by	a	virtual	transverse	plane	through	the	middle	of	the	intervertebral	disc	[4,	112,	113].		An	intra-foraminal	ligament	may	form	a	physical	separation,	but	presence	 and	 shape	 of	 intra-foraminal	 ligaments	 are	 not	 constant	 [61,	 112,	 114-117].		The	superior	compartment	or	nerve	root	canal	contains	the	spinal	nerve	and	the	 dorsal	 root	 ganglion,	 arterial	 and	 venous	 blood	 vessels	 and	 lymphatics,	 small	nerve	branches,	connective	tissue	and	ligaments,	several	membranes	and	fat	tissue.		The	inferior	compartment	contains	an	anterior	and	posterior	neurovascular	bundle	containing	 veins,	 lymph	 vessels,	 small	 arteries	 and	 connective	 tissue,	 ligaments,	nerve	branches	and	several	membranes	[112,	113,	118-123].		The	external	aperture	of	the	neuroforamen	has	a	drum	like	closure	formed	by	an	extension	of	the	vertebral	periosteum,	 a	 continuation	 of	 the	 inter-transverse	 ligament	 and	 the	 fascia	 of	 the	
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psoas	 muscle	 [37,	 124-127].	 This	 structure	 is	 referred	 to	 as	 the	 operculum	 of	Forestier	[124].	 	The	operculum	may	be	identical	to	the	structure	described	as	the	cribriform	fascia,	a	fibrous	layer	with	multiple	openings,	that	transmit	smaller	and	larger	blood	vessels,	lymphatics	and	nerve	branches	and	can	be	recognized	on	MRI	of	 the	 lumbar	 spine	 [126].	 Existence	 of	 an	 internal	 operculum	 covering	 the	 inner	aperture	 of	 the	 neuroforamen	 has	 also	 been	 reported,	 but	 the	 three	 dimensional	anatomy	of	this	structure	is	complex	and	anatomical	details	are	not	available	[122,	127-131].			
	
1.4.3.		The	peridural	membrane	A	 membranous	 structure	 is	 frequently	 observed	 in	 the	 epidural	 space	 during	transforaminal	 rigid	 endoscopy	 [132]	 or	 during	 epiduroscopy.	 	 Indeed,	 careful	anatomical	dissection	of	the	neural	foramen	of	the	spine	in	human	cadavers	reveals	the	presence	of	a	membranous	peridural	structure.			The	membrane	is	easily	missed	when	 the	 posterior	 wall	 of	 the	 spinal	 canal	 is	 removed	 such	 as	 with	 surgical	 or	anatomical	 exploration.	 	 This	 may	 explain	 why	 a	 peridural	 membrane	 is	 not	mentioned	 in	most	 classical	 or	 current	 anatomical	 texts.	However,	 in	 comparative	biology	 the	existence	of	 the	membrane	 is	well	established	and	 is	as	 referred	 to	as	the	 endorachis	 [133-135].	 Over	 the	 years,	 the	 peridural	 membrane	 has	 been	described	 in	several	anatomical	and	surgical	reports.	As	early	as	the	19th	century,	anatomists	have	mentioned	the	presence	of	gelatinous	[136]	or	elastic	membranous	structure	[137]	in	the	human	spinal	canal.	More	recently	several	investigators	have	described	 anatomical	 aspects	 of	 the	 peridural	membrane	 in	more	 detail	 [77,	 122,	123,	 127-130,	 138-146].	 	 In	 these	 studies,	 a	 distinct	 membrane	 is	 found	 at	 the	anterior	wall	 of	 the	 spinal	 canal,	 deep	 to	 the	 posterior	 longitudinal	 ligament	 and	Batson’s	plexus	and	is	part	of	a	larger	peridural	structure	that	envelops	the	contents	of	the	spinal	canal	like	a	tube.	 	 	A	continuation	of	the	peridural	membrane	into	the	neural	foramen	forms	a	cuff	of	variable	length	around	the	nerve	root	and	dorsal	root	ganglion	but	the	anatomical	relations	of	the	membrane	in	the	neural	foramen	have	
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not	been	described	in	detail.			The	membrane	is	of	variable	thickness	and	is	very	thin	where	 it	 overlies	 the	 bone	 elements	 of	 the	 wall	 of	 the	 spinal	 canal[128].	 Several	surgical	 and	 radiological	 reports	 have	 demonstrated	 continuity,	 anatomical	completeness	and	 tensile	 strength	of	 the	membrane	 [141,	147-154];	however,	 the	functional	 significance	 of	 the	 peridural	 membrane	 is	 not	 known.	 	 Microscopic	investigation	of	the	membrane	shows	the	presence	of	small	nerve	fibers	[136,	137,	143,	 155-157].	 These	 fibers	 may	 have	 nociceptive	 function,	 as	 has	 been	demonstrated	in	animal	studies	[158].			
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Figure	2.		Lumbar	spine.	Coronal	mid-pedicular	section	of	the	spinal	canal.	Vertical	arrow	-	central	spinal	canal.		Horizontal	arrow	-	neural	foramen.		Ped	–	pedicle.	IVD	–	inter	vertebral	disc.		TP	–	transverses	process.		NR	–	nerve	root.		DRG	–	dorsal	root	ganglion.		PR	–	posterior	ramus.		AR	–	anterior	ramus.		PDM	–	peridural	membrane.		SN	–	spinal	nerve.		LV	–	lumbar	vein.		BP	–	Batson’s	plexus.		EF	–	epidural	fat	tissue.		VB	–	vertebral	body.		OF	–	operculum	of	Forestier.		PLL	–	posterior	longitudinal	ligament.		(Artistic	representation)	
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1.5.		Research	objectives		Systematic	 evaluation	 of	 information	 obtained	 through	 endoscopy	 of	 the	 lumbar	epidural	 cavity	 in	 patients	 with	 non-specific	 low	 or	 idiopathic	 low	 back	 pain,	detailed	 investigation	 of	 the	 anatomy	 of	 the	 lumbar	 epidural	 space	 and	 neural	foramina	through	anatomical	dissection	in	combination	with	a	careful	review	of	the	results	of	prior	research	have	led	to	the	following	research	questions:		
1. Is	information	obtained	by	epiduroscopy	of	value	in	the	evaluation	of	epidural	
pathology	in	patients	with	low	back	pain?	
2. How	does	epiduroscopy	compare	to	conventional	diagnostic	methods	in	the	
evaluation	of	epidural	pathology?	
3. Is	a	peridural	membrane	of	the	spine	a	potential	source	of	common	low	back	
pain?	
	
Question	1.		The	principal	objective	in	chapter	two,	three	and	four	is	to	show	that	epiduroscopy	can	be	used	to	obtain	specific	information	from	the	epidural	space.		In	chapter	two,	epiduroscopy	is	used	as	an	interventional	instrument	to	obtain	cell	samples	from	regions	in	the	epidural	space	that	appeared	abnormal.	Cell	typing	was	performed	and	results	are	presented.		In	the	third	chapter,	epiduroscopy	was	used	to	evaluate	incidence	and	severity	of	fibrosis	in	the	epidural	space	of	patients	diagnosed	with	failed	back	surgery	syndrome,	i.e.	in	patients	with	persistent	pain	after	surgery.		The	objective	of	the	research	presented	in	chapter	four	is	to	evaluate	the	accuracy	of	prediction	of	outcome	when	epiduroscopy	is	used	in	the	diagnosis	and	treatment	of	low	back	pain.		An	accurate	prediction	would	imply	that	information	obtained	through	epiduroscopy	is	of	value.	Furthermore,	the	relative	weight	of	a	number	of	precisely	defined	endoscopic	diagnostic	markers	used	in	the	prediction	is	evaluated.		
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Question	2.		The	objective	of	the	research	presented	in	chapter	five	is	to	compare	epiduroscopy	with	commonly	used	diagnostic	methods	in	the	evaluation	of	epidural	pathology.		This	is	done	for	a	single	approximate	measure	–	the	vertebral	level	from	which	low	back	pain	originates.	Consistency	would	imply	that	epiduroscopy	supports	routine	diagnostic	methods.		Inconsistency	of	the	diagnosis	among	the	different	methods	would	not	only	suggest	limitations	of	conventional	diagnostic	methods,	but	also	incompleteness	of	our	current	understanding	of	the	pathophysiology	of	low	back	pain.	
Question	3.		In	the	research	presented	in	chapter	six,	anatomy	and	physiology	of	the	peridural	membrane	is	reviewed	and	some	of	the	controversies	are	discussed.	In	chapter	seven,	research	is	presented	in	which	segments	of	the	peridural	membrane	are	obtained	from	several	locations	in	and	around	the	neuroforamen	of	the	human	lumbar	and	thoracic	spine	and	are	investigated	for	the	presence	of	nociceptive	nerve	fibers.		Presence	of	a	significant	number	of	nociceptive	fibers	would	imply	that	a	sensitized	peridural	membrane	is	a	potential	source	of	pain	in	patients	diagnosed	with	non-specific	or	idiopathic	low	back	pain.	
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Chapter	2.		Cell	Types	Obtained	from	the	Epidural	Space	of	Patients	with	Low	
Back	Pain/Radiculopathy	James	 E.	 Heavner,	 PhD;	 Hemmo	 A.	 Bosscher,	 MD;	 Mitchell	 S.	 Wachtel,	 MD.	 	 Pain	
Practice,	Volume	9,	Issue	3,	2009	167–172		ABRSTRACT	
Background:	We	 investigated	 if	 correlations	 exist	 between	medical	 history,	 tissue	abnormalities,	 and	 cell	 types	 retrieved	 from	 the	 epidural	 space	 of	 patients	 with	chronic	low	back	pain	(LBP)	and	chronic	radicular	pain	(RP).	
Methods:	 Approval	 was	 obtained	 from	 the	 Institutional	 Review	 Board	 for	 the	Protection	 of	 Human	 Subjects	 to	 study	 191	 patients	 undergoing	 epiduroscopy.	Visual	 inspection	was	performed	and	abnormal	 areas	were	 identified.	A	 specimen	obtained	 from	 the	 area	 using	 a	 cytology	 brush	 was	 processed	 by	 the	 Thin	 Prep	technique.	Patients	were	divided	into	four	groups	based	on	the	presence	or	absence	and	intensity	of	LBP	and	RP.	The	gender	and	age	of	the	patients	were	recorded,	as	was	 any	 history	 of	 prior	 back	 surgery.	 Areas	 of	 tissue	 abnormalities	 were	 rated	according	 to	 changes	 in	 vascularity	 and	 amount	 of	 fat,	 fibrosis,	 and	 inflammation.	Stenosis	 was	 assessed	 from	 magnetic	 resonance	 imaging	 or	 computerized	tomography	 scan	 images.	 Cytological	 assessments	 included	 notations	 of	 the	presence	or	absence	of	erythrocytes,	leukocytes,	cell	groups,	lipocytes,	spindled	cells,	and	large	round	cells.	
Results:	There	was	a	significant	difference	in	the	number	of	patients	from	whom	big	round	 cells	 were	 obtained	 whom	 had	 a	 high	 degree	 of	 LBP	 compared	 with	 the	number	of	patients	who	had	a	high	degree	of	both	LBP	and	RP.	
	
Conclusions:	The	 findings	provide	 a	 foundation	 for	 future	 studies	of	 cells	 obtained	
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from	 similar	 patients	 with	 the	 goal	 of	 furthering	 the	 understanding	 of	 the	pathogenesis	of	LBP/	RP.		INTRODUCTION	Chronic	 low	back	pain	 (LBP)	 and	 chronic	 radicular	pain	 (RP)	 involving	 lumbar	or	sacral	nerve	roots	or	spinal	nerves	occur	alone	or	in	combination,	and	are	attributed	to	many	different	causes	and	affect	a	large	segment	of	the	population.1	The	pain	can	be	refractory	to	available	therapies	that	are	limited,	in	part,	because	they	are	based	on	 incomplete	 understanding	 of	 causes	 of	 the	 pain.	 There	 is	 evidence	 that	inflammatory	processes	play	a	role.2	Mechanical	and	chemical	stimuli,	and	surgery,	initiate	a	cascade	of	events	that	progress	from	an	acute	phase	through	intermediate	steps	 to	 scar	 formation.	 In	 the	 acute	 phase,	 inflammatory	 mediators,	 such	 as	cytokines,	are	thought	to	produce	pain.2	The	source	of	pain	after	scar	formation	is	unclear.	One	approach	to	expanding	information	about	the	pathogenesis	of	LBP	and	RP	is	to	use	 a	minimally	 invasive	 technique,	 such	 as	 epiduroscopy,	 to	 visually	 inspect	 the	lumbosacral	 epidural	 space	 of	 the	 bony	 vertebral	 canal	 to	 identify	 tissue	abnormalities	associated	with	pain	patient	experiences.3,4	Abnormalities	others	and	we	 have	 identified	 include	 inflammation,	 hypervascularity	 and	 fibrosis,	 each	 of	which	 varies	 in	magnitude	 and	 extent,	 e.g.,	 fibrosis	 from	mild	 to	 dense	 avascular	scar.3	In	addition	to	visual	inspection,	epiduroscopy	provides	a	means	to	collect	cells	from	 the	 space	 for	 cytopathology	 examination.	 The	 objective	 of	 the	 investigation	reported	 here	 was	 to	 determine	 if	 correlations	 exist	 between	 medical	 history,	epiduroscopy	 findings,	 and	 type	 of	 cells	 retrieved	 from	 the	 lumbosacral	 epidural	space	 of	 patients	 grouped	 according	 to	 the	 presence	 or	 absence	 and	 degree	 of	chronic	LBP	and	chronic	painful	neuropathy.	
MATERIALS	AND	METHODS	
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After	obtaining	approval	 from	 the	Texas	Tech	Health	Sciences	Center	 Institutional	Review	Board	for	the	Protection	of	Human	Subjects,	a	study	including	191	patients	undergoing	epiduroscopy	from	April	2005	to	August	2007	was	performed.	Criteria	for	 undergoing	 epiduroscopy	 were:	 patients	 18	 years	 of	 age	 or	 older,	 with	 LBP	and/or	 RP	 for	 which	 other	 therapies	 (e.g.,	 surgery,	 epidural	 steroid	 injections,	epidural	adhesiolysis)	provided	no	pain	relief	or	only	temporary	relief.	For	 epiduroscopy,	 patients	were	 sedated,	 epidural	 access	was	 established	 via	 the	sacral	 hiatus,	 and	 the	 epiduroscope	 was	 inserted.	 Saline	 infusion	 through	 the	working	channel	of	the	epiduroscope	was	begun,	visual	inspection	was	performed,	and	 area(s)	 of	 pathological	 change	 were	 identified	 (fibroplasia,	 changes	 in	vascularity,	 etc.).	 Areas	 of	 pathology	were	 considered	 to	 be	 significant	when	 fluid	injection	or	manipulation	of	the	epiduroscope	tip	in	the	areas	produced	pain	in	the	region	of	the	body	determined	by	history	and	physical	examination	to	be	the	painful	area	 for	 which	 the	 patient	 was	 seeking	 treatment.	 A	 cytology	 specimen	 was	obtained	from	the	area	using	a	cytology	brush	inserted	through	the	working	channel	of	 the	 epiduroscope.	 The	 specimen	 was	 processed	 by	 the	 Thin	 Prep	 technique	(Cytyc	Corp.,	Marlborough,	MA,	U.S.A.).	After	the	sample	was	collected,	any	fibrous	adhesions	were	mechanically	destroyed	by	movement	of	 the	epiduroscope	tip	and	by	 injection	 of	 saline.	 Local	 anesthetic,	 corticosteroid	 and	 hyaluronidase	 were	injected.	Based	 on	 history	 and	 clinical	 findings	 prior	 to	 epiduroscopy,	 LBP	 was	 graded	 as	absent	 (0)	 or	 present	 (1).	 RP	 was	 graded	 from	 0	 to	 3	 (absent	 [0],	monoradiculopathy	[1],	polyradiculopathy	[2],	bilateral	 [3]).	A	score	of	0	or	1	was	rated	 low	 degree	 of	 radiation	 and	 a	 score	 of	 2	 or	 3	 was	 rated	 a	 high	 degree	 of	radiation.	Patients	were	divided	into	four	groups:	Group	1—low	degree	of	LBP	and	RP;	Group	2—high	degree	of	LBP	but	not	RP;	Group	3—high	degree	of	RP	but	not	LBP;	Group	4—high	degree	of	RP	and	LBP.	The	gender	and	age	of	the	patients	were	recorded,	as	was	the	presence	or	absence	of	prior	back	surgery.	Epiduroscopic	 findings	were	 assessed	 as	 follows:	 fat—normal	 (1)	 or	 reduced	 (2);	
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vascularity—avascular	 (0),	 normal	 (1),	 hypervascular,	 small	 vessels	 (2),	 hyper-	vascular,	 large	 vessels	 (3),	 hypervascular,	 engorged	 (4)	 (a	 score	 of	 2,	 3,or	 4	 was	considered	 a	 high	 degree	 of	 vascularity);	 inflammation—absent	 (0),	 minimal	 (1),	mild	 (2),	 severe	 (3)	 (a	 score	 of	 2	 or	 3	 was	 considered	 a	 high	 degree	 of	inflammation);	 fibrosis—loose	 sheets	 +/-	 few	 strings	 (1),	 sheets	 with	 strands	appearing	as	adhesions	(2);	dense	mix	of	sheets	and	strands	replacing	epidural	fat	(3),	dense	white	scar	tissue	impossible	to	penetrate	with	epiduroscope	(4)	(a	score	of	3	or	4	was	considered	a	high	degree	of	fibrosis).	Stenosis	was	assessed	as	being	present	or	absent	 from	magnetic	 resonance	 imaging	or	computerized	 tomography	scan	 images	as	 stated	on	 imaging	reports.	Cytological	assessments	 included	 in	 the	analysis	were	notations	of	the	presence	or	absence	of	erythrocytes,	leukocytes,	cell	groups	 (Figure	 1A),	 lipocytes	 (Figure	 1B),	 spindled	 cells	 (Figure	 1C),	 and	 large	round	cells	(Figure	1D).	Cytology	assessments	were	performed	by	one	investigator	(MW)	blinded	with	respect	to	all	patient	details	including	epiduroscopy	findings.		
Figure	1.	Epiduroscopy	view	of	cytology	sample	site	(left	frames)	and	predominant	cell	type	(right	
frames)	obtained	from	sample.	Inserted	in	upper	right	of	epiduroscopy	view	is	a	fluoroscopic	image	
showing	the	location	of	the	epiduroscope	tip	where	the	cytology	sample	was	collected.	Adapted	from	
Raj’s	Practical	Management	of	Pain.8	(A)	44-year-old	female—failed	back	surgery	(FBS;	hardware),	left	
L5	radicular	pain	(RP)	and	low	back	pain.	Left	frame,	left	side,	mostly	hyperemia,	an	active	
inflammatory,	bleeds	easily.	Right	frame,	cytology,	tissue	fragment	with	poly-morphonuclear	cells.	(B)	
48-year-old	male—FBS,	right	L4	RP.	Left	frame,	right	side,	inflammation	and	scarring,	fatty	tissue.	Right	
frame,	cytology,	fat	cell.	(C)	68-year-old	male—FBS	left	L4-5	RP.	Left	frame,	left	side,	fibrosis	L5.	Right	
frame,	cytology,	big	spindle	cell.	(D)	68-year-old	male—FBS,	left	L4-5	RP.	Left	frame,	a	little	left	of	
midline,	scar	tissue	adhering	to	the	dura.	Right	frame,	cytology,	large	round	cell.	
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Multinomial	logit	regression	was	used	to	assess	the	data.	The	outcome	variable	was	the	 set	 of	 pain	 groups,	with	 group	1	being	 considered	 the	 reference	 group.	Three	comparisons	 were	 made:	 comparison	 1—Group	 2	 vs.	 Group	 1;	 comparison	 2—Group	3	vs.	Group	1;	comparison	3—Group	4	vs.	Group	1.	A	step	forward	approach	with	Aikake’s	Information	Criterion	(AIC)	was	used	to	discern	important	predictor	variables	from	among	the	assessed	variables:	(1)	age	at	or	above	median	age	of	59,	(2)	 male	 gender,	 (3)	 history	 of	 back	 surgery,	 (4)	 decreased	 fat,	 (5)	 stenosis,	 (6)	increased	 vascularity,	 (7)	 increased	 fibrosis,	 (8)	 increased	 inflammation,	 (9)	erythrocytes,	 (10)	 leukocytes,	 (11)	 cell	 groups,	 (12)	 lipocytes,	 (13)	 large	 spindled	cells,	 and	 (14)	 large	 rounded	 cells.	 The	 possibility	 of	 covariate	 interactions	 was	likewise	 assessed	 using	 AIC.	 The	 Independence	 of	 Irrelevant	 Alternatives	assumption	 was	 assessed	 using	 the	 Hausman	 test.	 Univariate	 analyses	 were	performed	using	a	c2	test	for	other	than	two	by	two	tables	and	a	Fisher’s	exact	test	for	 two	 by	 two	 tables,	 with	 exact	 confidence	 limits	 of	 odds	 ratios	 being	 created	thereby.	Null	hypotheses	were	rejected	if	P	<	0.05.	
RESULTS	One	cytology	specimen	from	each	of	the	191	patients	was	evaluated,	40	(20.9%)	in	Group	1,	30	(15.7%)	in	Group	2,	48	(25.1%)	in	Group	3,	and	73	(38.2%)	in	Group	4.	Of	 the	 191	 patients,	 114	 (59.7%)	 were	 women	 and	 63	 (33.0%)	 had	 prior	 back	surgery.	At	 epiduroscopy,	89	 (46.6%)	had	 increased	vascularity,	 122	 (63.9%)	had	inflammation,	70	 (36.6%)	had	stenosis,	73	 (38.2%)	had	 fibrosis,	 and	129	 (67.5%)	had	decreased	fat.	Cytologically,	47	(24.6%)	had	erythrocytes,	119	(62.3%)	had	cell	groups,	47	 (24.6%)	had	 spindle	 cells,	 97	 (50.8%)	had	 leukocytes,	 96	 (50.3%)	had	lipocytes,	 and	 47	 (24.6%)	 had	 large	 round	 cells.	 Table	 1	 displays	 relationships	among	pain	groups	and	 the	above	 findings;	pain	groups	differed	with	respect	 to	a	history	 of	 back	 surgery,	 age,	 stenosis,	 fibrosis,	 decreased	 fat,	 lipocytes,	 and	 large	round	cells	in	a	manner	that	could	not	be	explained	by	chance	(P	<	0.05).		
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Table	1.	Characteristics	of	191	Epiduroscopy	Patients	
	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 	Pain	Group*	 1(n=40)	 2(n=30)	 3(n=48)	 4(n=73)	 Total	 X^2(df=3)	 P	
	 	 	 	Historical	findings	
	 	 	 	 	 	 	 	 	 	 	Gender	
	 	 	 	 	 	 	 	 	 	 	
					Female	
23	
(20.2)	 16(14.0)	 34(29.8)	 41(36.0)	 114(100)	
	 	 	 	 	 						Male	 17(22.1)	 14(18.2)	 14(18.2)	 32(41.6)	 77(100)	 3.44	 0.3289	
	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 	Post	Back	Surgery	
	 	 	 	 	 	 	 	 	 	 						No	 33(25.8)	 17(13.3)	 38(29.7)	 40(31.3)	 128(100)	
	 	 	 	 	 						Yes	 7(11.1)	 13(20.6)	 10(15.9)	 33(52.4)	 63(100)	 13.93	 0.003	
	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 	Age	at	above	Median	59	years	
	 	 	 	 	 	 	 	 	 						No	 23(24.2)	 9(9.5)	 35(36.8)	 28(29.5)	 95(100)	
	 	 	 	 	 						Yes	 17(17.7)	 21(21.9)	 13(13.5)	 45(46.9)	 96(100)	 19.74	 0.0002	
	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 	MRI	or	CT	Findings		
	 	 	 	 	 	 	 	 	 	 			Stenosis	
	 	 	 	 	 	 	 	 	 	 						Absent	 26(21.5)	 15(12.4)	 41(33.9)	 39(32.2)	 121(100)	
	 	 	 	 	 						Present	 14(20.0)	 15(21.4)	 7(10.0)	 34(48.6)	 70(100))	 15.51	 0.0014	
	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 	Epiduroscopic	Findings	
	 	 	 	 	 	 	 	 	 	 			Increased	Vascularity		
	 	 	 	 	 	 	 	 	 	 						Absent	 20(19.6)	 13(12.7)	 26(25.5)	 43(42.2)	 102(100)	
	 	 	 	 	 						Present	 20(22.5)	 17(19.1)	 22(24.7)	 30(33.7)	 89(100))	 2.31	 0.5111	
	 	 	 			Increased	Inflammation	
	 	 	 	 	 	 	 	 	 						Absent	 12(17.4)	 14(20.3)	 13(18.8)	 30(43.5)	 69(100)	
	 	 	 	 	 						Present	 28(23.0)	 16(13.1)	 35(28.7)	 43(35.2)	 122(100)	 4.58	 0.2055	
	 	 	 			Increased	Fibrosis	
	 	 	 	 	 	 	 	 	 	 						Absent	 30(25.4)	 18(15.3)	 37(31.4)	 33(28.0)	 118(100)	
	 	 	 	 	 						Present	 10(13.7)	 12(16.4)	 11(15.1)	 40(54.8)	 73(100)	 16.26	 0.001	
	 	 	 			Decreased	Fat	
	 	 	 	 	 	 	 	 	 	 						Absent	 21(33.9)	 8(12.9)	 20(32.3)	 13(21.0)	 62(100)	
	 	 	 	 	 						Present	 19(14.7)	 22(17.1)	 28(21.7)	 60(46.5)	 129(100)	 16.79	 0.0008	
	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 	Cytologic	Findings	
	 	 	 	 	 	 	 	 	 	 			Erythrocytes	
	 	 	 	 	 	 	 	 	 	 						Absent	 29(20.1)	 23(16.0)	 36(25.0)	 56(38.9)	 144(100)	
	 	 	 	 	 						Present	 11(23.4)	 7(14.9)	 12(25.5)	 17(36.2)	 47(100)	 0.28	 0.9639	
	 	 	 			Cell	Groups	
	 	 	 	 	 	 	 	 	 	 						Absent	 17(23.6)	 13(18.1)	 17(23.6)	 25(34.7)	 72(100)	
	 	 	 	 	 						Present	 23(19.3)	 17(14.3)	 31(26.1)	 48(40.3)	 119(100)	 1.28	 0.7351	
	 	 	 			Large	Spindle	Cells	
	 	 	 	 	 	 	 	 	 	 						Absent	 33(22.9)	 22(15.3)	 37(25.7)	 52(36.1)	 144(100)	
	 	 	 	 	 						Present	 7(14.9)	 8(17.0)	 11(23.4)	 21(44.7)	 47(100)	 1.91	 0.5908	
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		Leukocytes	
	 	 	 	 	 	 	 	 	 	 						Absent	 16(17.0)	 17(18.1)	 28(29.8)	 33(35.1)	 94(100)	
	 	 	 	 	 						Present	 24(24.7)	 13(13.4)	 20(20.6)	 40(41.2)	 97(100)	 4.09	 0.2517	
	 	 	 			Lipocytes	
	 	 	 	 	 	 	 	 	 	 						Absent	 16(16.8)	 22(23.2)	 23(24.2)	 34(35.8)	 95(100)	
	 	 	 	 	 						Present	 24(25.0)	 8(8.3)	 25(20.6)	 39(40.6)	 96(100)	 8.55	 0.0359	
	 	 	 			Large	Round	Cells	
	 	 	 	 	 	 	 	 	 	 						Absent	 31(21.5)	 18(12.5)	 33(22.9)	 62(43.1)	 144(100)	
	 	 	 	 	 					Present	 9(19.1)	 12(25.5)	 15(31.9)	 11(23.4)	 47(100)	 8.65	 0.03473	
	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 	* Pain groups: (1) low back pain (LBP) and radiating pain (RP); (2) high LBP and low RP; (3) low LBP and high RP; (4) high LBP and RP. df, degrees of freedom; CT, computerized tomography; MRI,  magnetic resonance imaging.  		Figure	2	displays	the	results	of	multinomial	logit	regression.	Five	predictor	variables	were	 identified	 as	 being	 important:	 (1)	 prior	 back	 surgery,	 (2)	 stenosis,	 (3)	decreased	fat,	(4)	large	round	cells,	and	(5)	age.	Group	2	patients	(high	LBP,	low	RP)	were	8.1	(95%	CI	=	1.8	to	37.3)	times	as	likely	to	have	stenosis	and	11.2	(2.4	to	51.9)	times	as	likely	to	have	had	back	surgery	as	were	Group	1	patients	(low	LBP	and	RP),	3.7	(1.2	to	11.1)	times	as	likely	to	be	over	59,	19.1	(3.9	to	94)	times	as	likely	to	have	stenosis,	 and	 11.2	 (2.4	 to	 51.9)	 times	 as	 likely	 to	 have	 had	 back	 surgery	 as	were	Group	3	patients	(high	RP),	and	4.2	(1.5	to	11.2)	times	as	likely	to	have	large	round	cells	as	Group	4	patients	(high	LBP	and	RP).	Group	4	patients	were	4.8	(1.8	to	12.6)	times	as	likely	to	have	decreased	fat,	6	(1.9	to	18.4)	times	as	likely	to	have	stenosis,	and	8.9	(2.5	to	32)	times	as	likely	to	have	had	back	surgery	as	Group	1	patients	and	2.5	 (1	 to	6.2)	 times	as	 likely	 to	be	over	59,	3.4	 (1.2	 to	9.2)	 times	as	 likely	 to	have	decreased	fat,	14.1	(4.2	to	47.6)	times	as	likely	to	have	stenosis,	and	7.5	(2.5	to	22.4)	times	as	 likely	to	have	had	a	history	of	back	surgery	as	were	Group	3	patients.	An	interaction	between	stenosis	and	prior	back	surgery	was	identified;	pain	groups	did	not	differ	when	both	stenosis	and	prior	back	surgery	were	present;	this	interaction	occurred	 because	 only	 seven	 patients	 had	 prior	 back	 surgery	 and	 stenosis.	 The	model	explained	differences	among	pain	groups	better	than	would	be	expected	by	chance	 (G	 =	 85,	 df	 =	 18,	 P	 <	 0.0001).	 The	 Hausman	 test	 failed	 to	 reject	 the	independence	of	irrelevant	alternatives	assumption	(c2	=7.6,	df=14,	P>0.50).	
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Figure	2. Relative risks (95% confidence intervals) for 191 patients who underwent epiduroscopy. Pain 
comparisons: (1) high low back pain (LBP) and low radiating pain (RP) vs. low LBP and RP; (2) low LBP 
and high RP vs. low LBP and RP; (3) high LBP and RP vs. low LBP and RP.		Patients	with	a	high	degree	of	LBP,	but	not	RP,	were	more	 likely	 to	have	 stenosis	and	to	have	had	back	surgery	than	those	with	a	low	degree	of	LBP	and	RP.	Patients	with	a	high	degree	of	LBP,	but	not	RP	were	more	likely	to	have	stenosis,	prior	back	surgery,	 and	an	age	at	 or	over	59	 than	were	 those	with	RP,	but	not	LBP.	Patients	with	 a	 high	 degree	 of	 LBP,	 but	 not	 RP,	 were	 more	 likely	 than	 those	 with	 a	 high	degree	 of	 both	 RP	 and	 LBP	 to	 have	 large	 round	 cells	 on	 cytological	 examination.	Patients	with	a	high	degree	of	both	RP	and	LBP	were	more	likely	to	have	decreased	fat,	stenosis,	and	prior	back	surgery	than	were	patients	who	had	a	low	degree	of	LBP	and	RP.	Patients	with	a	high	degree	of	both	RP	and	LBP	were	more	likely	to	have	an	age	 at	 or	 above	 59,	 decreased	 fat,	 stenosis,	 and	 prior	 back	 surgery	 than	 were	patients	who	had	a	high	degree	of	RP,	but	not	LBP.	
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DISCUSSION	The	most	significant	outcomes	of	this	study	are:	(1)	demonstration	that	cells	can	be	retrieved	 for	 investigation	 from	 the	 lumbosacral	 epidural	 space	 of	 patients	 with	chronic	 LBP	 and/or	 RP	 via	 a	 minimally	 invasive	 technique,	 (2)	 retrieval	 of	 cell	groups	plus	spindle	cells,	big	round	cells,	fat	cells,	and	red	and	white	blood	cells	by	the	technique,	(3)	significant	difference	in	the	number	of	patients	with	a	high	degree	of	 LBP	 from	whom	 big	 round	 cells	 were	 obtained	 compared	with	 the	 number	 of	patients	with	a	high	degree	of	both	LBP	and	RP.	It	is	not	possible	with	the	technique	we	used	to	identify	big	round	cells	and	spindle	cells	beyond	a	morphologic	description.	Big	round	cells	and	spindle	cells	are	most	commonly	 described	 in	 the	 literature	 as	 part	 of	 the	 cytology	 representation	 of	certain	tumors.5	However,	they	are	not	uniquely	associated	with	them.	For	example,	spindle	 cells	 expressing	 vascular	 endothelial	 growth	 factor	 (VEGF)	 were	 seen	infiltrating	 the	 cartilage	 matrix	 of	 tissue	 samples	 removed	 from	 patients	 with	herniated	discs.6	The	 investigators	 concluded	 that	VEGF	produced	by	 the	 spindle-shaped	cells	acts	to	promote	angiogenesis	inside	of	granulation	tissue.	Because	the	large	round	cells	we	observed	have	diverse	appearances,	it	 is	likely	they	represent	more	 than	 one	 cell	 type.	 Further	 studies	 are	 required	 to	 identify	 the	 biological	properties	of	the	spindle	cells	and	big	round	cells	we	found	and	any	role	they	have	in	the	pathogenesis	of	LBP	and/or	RP.	The	only	correlation	between	patient	grouping	and	cell	type	retrieved	was	that	big	round	cells	were	retrieved	 from	more	patients	with	high	degree	of	LBP	than	 from	patients	with	 high	 degree	 of	 both	 LBP	 and	RP.	 This	 raises	 the	 possibility	 that	 big	round	 cells	 may	 be	 markers	 for	 specific	 pathological	 processes	 that	 occur	 in	 the	epidural	space	and	spindle	cells	are	nonspecific	markers.	The	 outcomes	 of	 this	 study	 with	 respect	 to	 clinical	 findings	 and	 age	 are	 not	
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unexpected.	 Generally,	 patients	 who	 present	 with	 spinal	 stenosis,	 high	 degree	 of	LBP,	and	prior	surgery	are	older	than	patients	with	RP	alone	or	low	degree	of	LBP	and	RP.7	In	summary,	cells	can	be	obtained	during	epiduroscopy	from	patients	with	LBP	and	RP	that	might	provide	 information	about	the	pathogenesis	of	 these	conditions.	Big	round	 cells	 may	 be	 markers	 of	 specific	 pathological	 processes	 that	 occur	 in	 the	epidural	space	and	spindle	cells	are	nonspecific	markers.	
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Abstract	
Background:	Epidural	fibrosis	has	been	implicated	in	the	etiology	of	persistent	pain	after	back	surgery	(Failed	Back	Surgery	Syndrome	[FBSS]).	Using	spinal	endoscopy	to	view	the	lumbosacral	epidural	cavity,	the	incidence,	severity,	and	appearance	of	epidural	fibrosis	was	evaluated	in	patients	with	FBSS.	
Methods:	A	 prospective	 cohort	 observational	 study	 using	 epidural	 endoscopy	was	done	 involving	 78	 patients	with	 persistent	 pain	 after	 back	 surgery.	 Patients	were	evaluated	prospectively	for	the	presence	of	epidural	fibrosis	and	fibrosis	was	rated	using	a	4-level	grading	system	based	on	appearance	and	resistance	to	epiduroscope	advancement.	The	incidence	of	 fibrosis	detected	by	epiduroscopy	vs.	 the	incidence	as	 reported	 in	 magnetic	 resonance	 imaging	 (MRI)	 studies	 for	 the	 same	 patients	were	compared.	
Results:	As	diagnosed	with	epiduroscopy,	83.3%	of	all	patients	with	persistent	pain	after	 back	 surgery	 had	 severe	 (grade	 3	 or	 4)	 epidural	 fibrosis,	 while	 91.0%	 had	significant	(grade	2,	3,	or	4)	fibrosis.	In	patients	who	had	undergone	more	extensive	surgery,	 severe	 fibrosis	 was	 present	 in	 91.1%	 and	 significant	 fibrosis	 in	 95.6%.	Using	 MRI,	 epidural	 fibrosis	 was	 diagnosed	 only	 in	 16.1%	 of	 these	 patients.	 All	patients	 with	 severe	 epidural	 fibrosis	 had	 a	 filling	 defect	 on	 epidurography.	Concordant	pain	was	present	in	84.3%	of	patients	and	depended	on	the	severity	of	fibrosis.	Results	were	statistically	evaluated	using	analysis	of	frequencies	and	t-test.	
P	 <	 0.05	 was	 considered	 statistically	 significant.	Conclusions:	 Epiduroscopy	demonstrates	 that	 the	 prevalence	 of	 severe	 epidural	 fibrosis	 after	 FBSS	 is	substantially	higher	than	is	generally	reported	in	MRI	evaluations.	Severe	epidural	fibrosis	is	an	underlying	pathology	in	most	patients	with	FBSS.		
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INTRODUCTION	Back	 pain	 is	 very	 common.	 According	 to	 one	 report,	 the	 prevalence	 of	 back	 pain	without	 sciatica,	 spinal	 stenosis,	 or	 spinal	 deformity	 is	 33%.1	 Burton	 states	 it	 is	commonly	 known	 that	 80%	 of	 the	 population	 has	 had	 at	 least	 one	 episode	 of	disabling	back	pain	during	their	lifetime.2	The	extent	of	the	problem	is	considerable	not	only	in	terms	of	pain	and	suffering	but	also	in	terms	of	economic	consequences.	Numerous	 modalities,	 including	 surgery,	 have	 been	 used	 to	 treat	 back	 pain	 with	variable	 success.	 More	 recently,	 the	 value	 of	 back	 surgery	 has	 been	 questioned	because	 surgical	 intervention	 has	 a	 considerable	 failure	 rate.	 Even	 under	 more	favorable	circumstances,	some	improvement	after	spinal	fusion	can	be	expected	in	only	one	out	of	four	patients.3		Failed	back	 surgery	 syndrome	 (FBSS)	 is	 a	poorly	defined,	heterogeneous	disorder	consisting	 of	 a	 myriad	 of	 surgical	 and	 nonsurgical	 etiologies	 that	 encompass	 the	majority	 of	 patients	who	 fail	 to	 improve	 after	 back	 surgery.4	 The	 list	 of	 causes	 of	FBSS	is	extensive.	The	most	common	causes	generally	listed	are	spinal	stenosis,	disc	disruption	or	retained	disc,	and	perineural	fibrosis	(14.5%).5,6		Fibrosis	and	the	formation	of	adhesions	in	the	epidural	cavity	is	a	normal	response	to	surgical	intervention	and	can	be	found	in	the	majority	of	patients	who	have	had	spine	surgery.7		Because	epidural	scarring	also	occurs	in	patients	who	respond	well	to	back	surgery,	the	role	of	epidural	fibro-	sis	 in	FBSS	is	controversial.8	However,	 it	 is	considered	a	major	 cause	of	 FBSS	by	many	 investigators	 and	multiple	 surgical	 techniques	have	been	proposed	to	minimize	postoperative	scarring.7,9	The	diagnosis	of	epidural	fibrosis	after	back	surgery	is	often	made	by	conventional	imaging	techniques	such	as	computed	tomography	or	magnetic	resonance	imaging	(MRI),10,11	 but	 these	 techniques	 may	 not	 diagnose	 the	 presence	 and	 extent	 of	epidural	adhesions	accurately.9,12	Investigation	of	the	epidural	cavity	with	a	flexible	
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endoscope,	 epiduroscopy,	 is	 a	 relatively	 new	 minimally	 invasive	 interventional	procedure	 that	 allows	 the	 clinician	 to	 investigate	 the	 spinal	 canal	 with	 minimal	disruption	of	anatomical	structures.13		The	aim	of	this	study	is	to	determine	the	incidence	and	severity	of	epidural	fibrosis	in	patients	with	persistent	pain	after	back	surgery,	using	epiduroscopy.		
MATERIALS	AND	METHODS	After	 obtaining	 approval	 from	 the	 Texas	 Tech	 University	 Health	 Sciences	 Center	Institutional	 Review	 Board	 for	 the	 Protection	 of	 Human	 Subjects,	 a	 prospective	cohort	 observational	 study	 including	 78	 patients	 undergoing	 epiduroscopy	 was	done.	Patients	were	grouped	by	extent	of	surgical	intervention	–	non-extensive	(no	instrumentation	 and	 only	 one	 surgery)	 and	 extensive	 (instrumentation	 or	 more	than	one	surgery).		Criteria	for	undergoing	epiduroscopy	were:	age	18	years	or	older	and	the	presence	of	 low	 back	 pain	 and/or	 radiculopathy	 for	 which	 back	 surgery	 provided	 no	 pain	relief	or	only	temporary	relief.		For	 epiduroscopy,	 patients	were	 sedated.	 Epidural	 access	was	 established	 via	 the	sacral	hiatus	and	a	flexible	epiduroscope	(Storz	2.7	mm	diameter,	Storz,	Tuttingen,	Germany)	 was	 inserted.	 Fluoroscopy	 was	 used	 to	 follow	 advancement	 of	 the	epiduroscope.	Saline	infusion	through	the	working	channel	of	the	epiduroscope	was	begun,	 visual	 inspection	 was	 performed	 and	 area(s)	 of	 pathological	 change	 were	identified	(fibroplasia;	changes	in	vascularity	and	fat).		Areas	 of	 pathology	 were	 considered	 to	 be	 significant	 when	 fluid	 injection	 or	manipulation	of	the	epiduroscope	tip	in	the	areas	produced	pain	in	the	region	of	the	body	 determined	 by	 history	 and	 physical	 examination	 to	 be	 the	 painful	 area	 for	which	the	patient	was	seeking	treatment.	An	exception	to	a	pain	response	was	made	
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in	 a	 few	 cases	 if	 the	 level	 of	 consciousness	 rendered	 patients	 unresponsive	 to	stimulation.	Patients	typically	experience	no	sensation	as	the	scope	advances	except	they	 may	 report	 a	 non-painful	 sensation	 if	 the	 tip	 of	 the	 scope	 strikes	 a	 normal	nerve	root.			Epiduroscopy	 images	 were	 displayed	 on	 a	 monitor	 and	 recorded	 using	 Storz	endoscopy	 image	 processing	 equipment.	 Epiduroscopy	 and	 fluoroscopy	 images	were	 displayed	 and	 recorded	 simultaneously	 (Storz	 Twin	 Video).	 Images	 were	interpreted	 by	 two	 experienced	 epiduroscopists	 (the	 authors).	 Images	 were	evaluated	for	color,	texture,	and	the	presence	of	recognizable	anatomical	structures.	The	 normal	 epidural	 cavity	 contains	 fat	 tissue	 (clusters	 of	 white	 or	 pale	 yellow	globular	tissue	with	shiny	appearance),	dura	(grey-white,	with	dural	blood	vessels),	veins,	arteries	and	fibrous	strings	or	sheets	and	ligaments.			Tissue	with	the	appearance	of	fibrous	tissue	as	observed	on	direct	inspection	(e.g.,	through	 a	 surgical	 wound)	 was	 identified	 during	 epiduroscopy.	 The	 appearance	ranged	from	thin	opaque	or	semi-opaque	sheets	to	solid	masses	of	white	avascular	tissue.			Severity	 of	 fibrosis	 was	 rated	 using	 the	 grading	 system	 shown	 in	 Table	 1	 and	Figures	1	 to	 4.	 Scar	 formation	was	 considered	 to	 be	 active	 if	multiple	 strings	 and	sheets	 of	 fibrous	 material	 mixed	 with	 blood	 vessels	 and	 hyperemic	 tissue	 was	present.	 The	 scar	 was	 considered	 to	 be	 mature	 (inactive,	 chronic)	 if	 it	 appeared	dense	and	blood	vessels	were	completely	absent	(Figure	4b).			
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Figure	1.	Grade	1	fibrosis.	(a)	Sparse	loose	strings	of	fibrous	material	connect	the	dura	(bottom)	and	
the	soft	tissues	covering	the	posterior	wall	of	the	spinal	canal	(top).	(b)	Thin	strings	of	fibrous	material	
form	adhesions.	There	is	no	resistance	to	scope	advancement.					
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Figure	2.	Grade	2	fibrosis.	(a)	Sheets	of	fibrous	material,	more	continuous	than	in	grade	1	fibrosis,	fill	
part	 of	 the	 epidural	 space.	 There	 is	 some	 resistance	 to	 scope	 advancement.	 (b)	 Strings	 and	 sheets	 of	
fibrous	material	fill	the	epidural	space	and	surround	the	dural	sheet	of	a	nerve	root	(right).		
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Figure	 3.	 Grade	3	fibrosis.	(a)	A	large	sheet	of	fibrous	material	occupies	most	of	the	epidural	space.	
There	is	significant	resistance	to	scope	advancement.	(b)	Dense	fibrous	material	occupies	the	epidural	
space.	A	discontinuity	in	the	adhesions	may	allow	the	scope	to	pass	(right).	The	dura	can	be	recognized	
(bottom).		
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Figure	 4.	 Grade	4	fibrosis.	(a)	The	epidural	space	is	completely	obliterated	by	fibrous	material	and	
cannot	be	penetrated	with	a	scope.	It	is	difficult	to	distinguish	dura	from	adhesion.	(b)	An	attempt	was	
made	to	pass	the	scope	into	dense	scar	tissue	in	the	area	of	a	surgical	fusion	(center).			
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Table	1.	Severity	of	Fibrosis	 	Grade	1	 Loose	strings	and	sheets	of	fibrosis	(Figure1)	
Grade	2	 More	organized,	continuous	strings	and	sheets	of	fibrous	material,	not	giving	resistance	to	the	scope	(Figure	2)		Grade	3	 Dense	continuous	fibrous	material,	the	scope	can	only	be	advanced	with	difficulty	(Figure	3)		Grade	4	 Dense	continuous	fibrous	material,	the	scope	cannot	be	advanced	(Figure	4)				Observations	 regarding	 the	 nature	 and	 extent	 of	 epidural	 fibrosis	 made	 during	epiduroscopy	were	compared	with	descriptions	in	reports	by	qualified	radiologists	regarding	 fibrosis	 seen	 on	 MRIs	 obtained	 from	 the	 patient	 before	 epiduroscopy.	Fibrosis	 was	 considered	 present	 if	 either	 this	 term	 or	 the	 term	 “scar”	 or	“granulation	 tissue”	was	 used	 in	 the	 description.	 The	 generic	 term	 “postoperative	changes”	in	the	reports	was	not	considered	to	indicate	epidural	fibrosis.		In	 addition	 to	 the	 previous	 discussion,	 the	 postsurgical	 epidural	 cavity	 was	evaluated	 for	a	 filling	defect	by	 injection	of	contrast	material	 (Omnipaque	240,	GE	Healthcare,	Princeton,	NJ,	U.S.A.)	through	the	working	channel	of	the	scope.	Spread	of	 contrast	 in	 a	 normal	 epidural	 space	 resembles	 a	 “Christmas	 tree.”	 Absence	 of	contrast	in	a	delineated	area	was	considered	to	be	a	filling	defect.			To	evaluate	the	association	between	the	extent	of	surgery	and	severity	of	epidural	fibrosis,	an	analysis	of	frequencies	of	an	ordered	classification	with	t-test	was	used.	
P	<	0.05	was	considered	statistically	significant.	
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RESULTS	Epiduroscopy	was	performed	in	78	patients	with	a	diagnosis	of	FBSS	from	January	2006	to	August	2008.	Average	age	was	58	years,	the	youngest	patient	was	20	years	and	the	oldest	was	85	years	of	age;	60%	of	the	patients	were	female.	Nine	patients	underwent	epiduroscopy	within	the	first	year	after	back	surgery.	Fourteen	patients	had	undergone	back	surgery	more	than	10	years	earlier.	The	median	time	interval	between	surgery	and	epiduroscopy	was	4.5	years.			Table	 2	 shows	 the	 severity	 of	 fibrosis	 in	 the	 two	 different	 groups	 of	 patients.	Significant	 fibrosis	 (defined	as	grade	2,	3,	 or	4)	was	 seen	 in	91.0%	of	 all	patients.	Severe	 fibrosis	 (defined	 as	 grade	 3	 or	 4)	 was	 seen	 in	 83.3%	 of	 all	 patients.	 For	patients	with	less	extensive	surgical	intervention,	84.8%	had	significant	fibrosis	and	72.7%	 had	 severe	 fibrosis.	 For	 patients	 with	 extensive	 surgical	 intervention,	 the	percentages	were	95.6	and	91.1,	respectively.	The	group	of	patients	with	extensive	surgical	intervention	had	significantly	more	fibrosis	than	the	group	of	patients	who	had	 non-extensive	 surgery	 (P	<	 0.05).	 	 	 Evidence	 of	 epidural	 fibrosis	 reported	 on	MRI	studies	done	in	patients	with	different	degrees	of	severity	of	epidural	fibrosis	as	diagnosed	with	epiduroscopy	are	given	in	Table	3.	 
Fibrosis	 Grade	1	 Grade	2	 Grade	3	 Grade	4	 Total	 	%	Grade	1		
	%	Grade	2		
	%	Grade	3		
	%	Grade	4		
All 7 7 5 60 79 8.9 8.9 6.3 75.9 
Non-extensive 5 4 3 21 33 15.2 12.1 9.1 63.6 
Extensive 2 3 2 39 46 4.3 6.5 4.3 84.8 
 
Table 2. Number	of	Patients	with	Different	Grades	of	Epidural	Fibrosis	(Based	on	Epiduroscopy	
Findings)	after	Non-extensive	surgical	or	Extensive	surgical	Intervention			
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	 Grade	1	 Grade	2	 Grade	3	 Grade	4	 Total	Fibrous	 0	 0	 2	 9	 11	Non-fibrous	 3	 6	 2	 29	 40	Percentage	 Grade	1	 Grade	2	 Grade	3	 Grade	4	 Total	Fibrous	 0.0	 0.0	 18.2	 81.8	 27.5	Nonfibrous	 7.5	 15	 5.0	 72.5	 72.5	
 
Table 3. Number	 of	 Patients	 with	 Different	 Grades	 of	 Epidural	 Fibrosis	 Based	 on	 Epiduroscopy	
Findings	with	or	without	Findings	of	Epidural	Fibrosis	on	Magnetic	Resonance	Imaging	In	patients	with	different	degrees	of	epidural	fibrosis	as	diagnosed	by	epiduroscopy,	no	 significant	 difference	 was	 found	 between	 patients	 with	 or	 without	 epidural	fibrosis	as	reported	on	MRI	studies	(P	<	0.025).	Thirty-eight	of	56	patients	(80.1%)	with	severe	epidural	fibrosis	on	epiduroscopy	did	not	have	such	findings	on	MRI.	If	scar	tissue	was	reported,	it	was	often	found	in	the	anterior	epidural	space	or	around	the	nerve	root.	In	contrast,	severe	epidural	fibrosis	was	observed	by	epiduroscopy	in	 all	 patients	 who	 had	 scarring	 on	 MRI	 but	 the	 scarring	 was	 observed	 in	 the	posterior	and	posterolateral	epidural	cavity.			Epidurography	 was	 performed	 in	 74	 patients.	 Filling	 defects	 were	 present	 in	 59	(80%).	 All	 patients	 with	 defects	 had	 severe	 epidural	 fibrosis	 (grade	 3	 or	 4).	 No	defects	were	observed	in	cases	of	mild	epidural	fibrosis	(grade	1	or	2).			Pain	 could	 be	 reproduced	 by	 manipulation	 of	 the	 scope	 in	 59	 of	 67	 (88%)	responsive	patients	(not	very	heavily	sedated).		
	
DISCUSSION	
Incidence	of	Epidural	Fibrosis	This	 study	 shows	 that	 the	 vast	 majority	 of	 patients	 who	 undergo	 back	 surgery	develop	 significant	 epidural	 fibrosis.	 The	 prevalence	 has	 been	 reported	 to	 be	
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between	 24%	 and	 100%	 of	 patients	 after	 back	 surgery.9,14,15	 This	 variation	 may	depend	 on	 the	 sensitivity	 of	 technique	 used	 to	 diagnose	 epidural	 fibrosis,	 e.g.,	computed	 tomography,	 MRI,	 or	 surgical	 exploration.	 It	 also	 may	 depend	 on	 the	distinction	 that	 is	 made	 between	 space	 occupying	 epidural	 scar11	 and	 space	obliterating	 epidural	 adhesions.16	 If	 the	 latter	 is	 included,	 our	 result	 of	 a	 95.7%	incidence	 of	 epidural	 fibrosis	 after	 back	 surgery	 is	more	 consistent	with	 the	 very	high	end	of	these	estimates.			
Severity	of	Epidural	Fibrosis	In	 this	 study,	 the	 severity	 of	 epidural	 scarring	 was	 graded,	 based	 in	 part,	 on	 the	degree	 of	 resistance	 to	 advancement	 of	 the	 epiduroscope.	 In	 our	 experience,	 a	flexible	epiduroscope	passes	easily	through	the	central	parts	of	the	spinal	canal	and	through	the	neural	 foramina	in	the	normal	epidural	cavity.	The	presence	of	severe	adhesions	(grade	3	or	4)	essentially	prevents	advancement	of	the	epiduroscope.		According	 to	 our	 grading	 criteria,	 severe	 fibrosis	was	 present	 in	 83%	of	 patients.	Patients	 who	 had	 multiple	 back	 surgeries	 or	 back	 surgery	 with	 hardware	 had	complete	 obliteration	 of	 the	 posterior	 epidural	 cavity	 at	 the	 level	 of	 the	 surgery	more	 often	 than	 patients	 who	 under-	 went	 back	 surgery	 without	 hardware.	 The	amount	of	scar	has	been	shown	to	 increase	with	the	size	of	surgical	exposure.17	A	fibrotic	 response	 to	 trauma	 to	 the	 wall	 of	 the	 spinal	 canal	 was	 profound	 and	persistent.	 Signs	 of	 active	 fibrosis	were	 observed	 as	 soon	 as	 2	months	 after	 back	surgery	(personal	observation)	and	severe	fibrosis	was	still	seen	in	75%	of	patients	who	underwent	back	surgery	more	than	10	years	prior	to	epiduroscopy.	
Epiduroscopy	in	the	Diagnosis	of	Epidural	Fibrosis	
Epiduroscopy	 is	 considered	 a	 reliable	 tool	 in	 the	 diagnosis	 of	 epidural	 fibrosis.18	Epiduroscopic	images	of	fibrosis	are	typically	easily	recognized	as	white,	uneven	or	irregular	tissue	that	is	found	in	unexpected	regions	of	the	spinal	canal.	However,	a	few	other	possible	alternatives	 should	be	considered.	A	 large	herniated	disc	 looks	
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irregular	and	white	but	 can	often	be	excluded	based	on	clinical	 grounds	and	MRI.	The	same	 is	 true	 for	spinal	 stenosis	and	 ligament	 flavum	hypertrophy,	which	may	appear	bilaterally	as	a	white	or	bright	yellow,	smooth	structure	in	the	dorso-lateral	aspect	of	the	spinal	canal.	
Epidurography	and	Epiduroscopy	A	filling	defect	on	epidurography	in	the	context	of	failed	back	surgery	is	a	sensitive	but	not	a	 specific	diagnostic	 sign	 in	epidural	 fibrosis.	 Some	 investigators	 reported	the	 presence	 of	 a	 filling	 defect	 on	 epidurography	 in	 patients	with	 FBSS	 in	 almost	90%	 of	 patients.19	 A	 similar	 strong	 association	 between	 severity	 of	 fibrosis	 and	filling	defect	on	epidurography	was	observed	in	our	study.	
MRI	and	Epiduroscopy	The	presence	of	epidural	fibrosis	in	the	epidural	cavity	after	spine	surgery	has	been	diagnosed	using	MRI	with	gadolinium.	Ross	et	al.	proposed	a	5-level	grading	system.	Using	 this	 system,	 the	 incidence	 of	 severe	 post-operative	 fibrosis	 has	 been	estimated	at	16.7%	and	if	 less	severe	fibrosis	is	 included,	22%.14	This	is	similar	to	the	16.1%	incidence	of	epidural	fibrosis	found	on	MRI	reports	in	our	investigation.	In	 their	 studies,	 the	 severity	of	postsurgical	 scarring	was	evaluated	 in	one	of	 four	quadrants.	Slightly	more	severe	fibrosis	occurred	in	the	anterior	segments.	Severity	of	fibrosis	in	our	grading	system	was	mainly	based	on	observations	in	the	posterior	epidural	 cavity.	 Thus,	 the	 difference	 between	 the	 incidence	 of	 posterior	 epidural	fibrosis	 after	 back	 surgery,	 as	 diagnosed	 with	 MRI	 vs.	 epiduroscopy,	 is	approximately	 tenfold.	 Other	 investigators	 have	 observed	 similar	 marked	differences	in	the	diagnosis	of	epidural	fibrosis	between	MRI	and	epiduroscopy.9,12	If	 scarring	was	reported	 to	be	present	on	MRI	 in	our	patients,	 severe	 fibrosis	was	found	on	epiduroscopy	as	well.	The	reverse	was	not	true.	In	the	majority	of	patients	with	 severe	 fibrosis	 on	 epiduroscopy,	 fibrotic	 changes	were	not	 reported	 on	MRI.	These	 finding	 suggest	 that	 MRI	 may	 not	 be	 a	 sensitive	 tool	 in	 the	 diagnosis	 of	epidural	fibrosis.	
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FBSS	and	Fibrosis	The	 role	 of	 epidural	 fibrosis	 in	 patients	with	 persistent	 low	 back	 pain	 after	 back	surgery	 is	 controversial,	 as	 epidural	 fibrosis	 has	 been	 diagnosed	 in	 patients	with	good	 pain	 relief	 after	 back	 surgery.20	 Our	 study	 does	 not	 include	 asymptomatic	patients.	However,	presence	of	epidural	fibrosis	in	asymptomatic	patients	does	not	mean	 that	epidural	adhesions	or	 scarring	are	not	 implicated	 in	 the	 failure	of	back	surgery.	 Numerous	 reports	 have	 identified	 postoperative	 fibrosis	 as	 the	 cause	 of	recurrent	symptoms	after	back	surgery.21–29			Our	 findings,	 using	 epiduroscopy,	 also	 suggests	 an	 association	 between	 epidural	scarring	and	FBSS.	First,	epiduroscopy	did	not	only	show	the	presence	of	adhesions	in	many	patients,	but	also	showed	that	 the	area	of	epidural	 fibrosis	was	extensive	and	 in	 the	region	of	 surgery	was	severe.	 In	most	patients,	 the	epidural	 cavity	was	obliterated.	 Such	 changes	 are	 likely	 to	 alter	 the	 normal	 physiology	 of	 the	 spinal	canal.	Compression	or	tethering	of	the	dura	and	nerve	root	sleeve	may	lead	to	pain	and	neurological	dysfunction.30	In	addition,	epidural	and	perineural	scar	may	cause	disturbances	 in	 local	 circulation.31	 Indeed,	 on	 epiduroscopy,	 the	 absence	 of	vascularity	in	areas	of	severe	fibrosis	was	striking.	Recently,	abnormal	venous	flow	in	 epidural	 adhesions	 has	 been	 demonstrated	 using	 epiduroscopy	 and	epidurography.32			Second,	 the	 severity	 of	 fibrosis	 has	 been	 shown	 to	 correlate	 with	 the	 extent	 of	surgery.	 A	 significant	 association	 between	 the	 extent	 of	 such	 scarring	 and	 recur-	ring	 radicular	 pain	 and	 activity	 related	 pain	 has	 been	 demonstrated.10,14,16,33	 A	similar	observation	was	made	using	epiduroscopy.	The	probability	of	finding	severe	fibrosis	was	 significantly	 greater	 in	 patients	with	more	 extensive	 surgery	 such	 as	spinal	fusion	with	instrumentation	or	multiple	back	surgeries	than	in	patients	with	less	invasive	procedures	such	as	hemilaminectomy	or	microdiscectomy.			Third,	 Kuslich	 et	 al.	 found	 a	 normal	 nerve	 root	 not	 to	 be	 painful	 in	 patients	who	underwent	 laminectomy	 under	 progressive	 local	 anesthetic	 blockade.34	 This	 is	 in	
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agreement	with	our	observation	that	the	normal	epidural	cavity	and	its	contents	are	not	painful	or	only	mildly	so	to	touch	when	epiduroscopy	is	performed.	In	contrast,	the	majority	 of	 patients	 in	 our	 study,	who	were	 responsive	during	 the	procedure,	reported	 pain	 on	 manipulation	 of	 the	 scope	 in	 areas	 of	 fibrosis.	 Many	 of	 these	patients	described	this	pain	as	very	similar	to	their	usual	pain.		
CONCLUSION	Epiduroscopy	 demonstrates	 that	 the	 prevalence	 of	 severe	 epidural	 fibrosis	 after	FBSS	 is	 substantially	 higher	 than	 is	 generally	 reported	 in	MRI	 evaluations.	 Severe	epidural	fibrosis	is	an	underlying	pathology	in	most	patients	with	FBSS.		
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	ABSTRACT	
Objective:	 The	 aim	 of	 this	 study	 was	 to	 evaluate	 the	 significance	 of	 diagnostic	markers	 obtained	 through	 epiduroscopy	 by	 evaluating	 the	 accuracy	 of	 outcome	prediction	after	treatment	of	epidural	pathology	using	epiduroscopy.	
Design:	A	prospective	observational	study	of	139	patients	was	performed.	Patients	with	 chronic	 low	 back	 and	 leg	 pain	 were	 included.	 Of	 the	 150	 patients	 who	underwent	epiduroscopy	in	the	year	2008	at	a	US	hospital,	139	were	available	 for	evaluation	at	1	month.	
Study:	 Outcome	 of	 treatment	 was	 predicted	 based	 on	 direct	 visual	 information	(hyperemia,	 vascularity,	 and	 fibrosis)	 and	mechanical	 information	 (pain	 to	 touch,	contrast	spread,	and	patency)	obtained	through	epiduroscopy.	
Main	Outcome	Measures:	Outcome	of	treatment	was	measured	at	1	month.	Accuracy	of	 prediction	 of	 outcome	 was	 calculated	 using	 contingency	 tables	 and	 odds	ratios.	Results:	 A	 prediction	 of	 outcome	was	made	 in	 114	 of	 139	 patients	 (82%).	This	 prediction	 was	 correct	 in	 89	 of	 these	 114	 patients	 (accuracy	 of	 78%).	 The	sensitivity	and	specificity	of	epiduroscopy	with	respect	to	the	prediction	of	outcome	were	 75%	 and	 82%,	 respectively.	 These	 results	were	 statistically	 significant	 (P	 <	0.01).	In	25	of	the	139	patients	(18%),	discrete	epidural	pathology	was	not	observed.	Nine	of	 these	 25	 patients	 reported	 good	 relief	 after	 epiduroscopy.	 The	 sensitivity	 and	specificity	 of	 epiduroscopy	 in	 the	 diagnosis	 of	 epidural	 pathology	were	 91%	 and	39%,	respectively.	These	results	were	not	statistically	different	(P	>	0.1).	
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Conclusion:	 Our	 results	 show	 that	 lumbosacral	 epiduroscopy	 predicts	 outcome	 of	treatment	 accurately	 in	 the	 majority	 of	 patients.	 This	 suggests	 that	 information	obtained	 through	 epiduroscopy	 may	 carry	 significant	 diagnostic	 and	 prognostic	value.			INTRODUCTION	Endoscopy	 of	 the	 lumbosacral	 epidural	 cavity,	 epiduroscopy,	 is	 a	 novel	 technique	used	in	the	evaluation	and	treatment	of	low	back	pain.1–9	The	epidural	space	is	not	virtual	 and	better	 thought	of	 as	 a	 cavity	 filled	with	 fat	 tissue,	 fibrous	membranes,	ligaments,	 lymphatic	and	blood	vessels,	and	an	extensive	plexus	of	nerve	tissue.10–	15		
All	of	these	structures	and	tissues	play	an	important	role	in	the	proper	function	of	the	highly	mobile	spine	and	the	central	nervous	system	components	it	contains.	The	epidural	 cavity	 is	 small,	 which	 makes	 direct	 endoscopic	 visualization	 of	 epidural	structures	 difficult.	 Current	 endoscopic	 technology	 is	 not	 well	 suited	 for	 such	narrow	spaces;	hence,	only	a	small	part	of	the	epidural	cavity	can	be	examined	at	a	time.	In	addition,	fat	tissue	hinders	good	views	and	pathology,	or	naturally	narrow	lateral	recesses,	may	prevent	the	scope	from	passing	into	areas	of	interest.	However,	using	 a	 combination	 of	 saline	 infusion,	 fluoroscopy,	 and	 the	 magnifying	 and	mechanical	 properties	 of	 the	 epiduroscope,	 certain	 aspects	 of	 the	 epidural	 cavity	can	be	studied	in	great	detail	without	the	disruption	caused	by	surgical	exploration.	Thus,	important	information	on	the	anatomy	and	pathology	of	the	epidural	cavity	in	patients	with	low	back	and/or	radicular	pain	can	be	obtained.			The	 visual	 function	 of	 epiduroscopy	 can	 be	 used	 to	 identify	 pathology	 of	 the	epidural	 space	 such	 as	 hyperemia,	 changes	 in	 vascularity,	 fibrosis	 and	 adhesions,	lateral	 recess	 stenosis,	 disk	 herniation,	 and	 ligamentum	 flavum	 hypertrophy.	Fluoroscopy	allows	for	exact	location	of	the	tip	of	the	flexible	scope	with	respect	to	the	bony	spinal	canal,	while	direct	visualization	gives	 the	relative	orientation	with	
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respect	to	surrounding	anatomical	structures	such	as	dura,	root	sleeves,	dorsal	root	ganglion,	posterior	 longitudinal	 ligament,	or	Hofmann/	Trolard	ligaments.	Because	the	 scope	 can	 be	 maneuvered,	 it	 is	 an	 excellent	 tool	 for	 evaluating	 absent	 or	decreased	 patency	 of	 the	 spinal	 canal	 and	 neural	 foramina	 at	 lumbar	 and	 sacral	levels	due	to	stenosis	of	the	central	spinal	canal,	lateral	recesses,	or	neural	foramina.	The	working	channel	of	the	endoscope	can	be	used	for	the	injection	of	radiographic	material.	This	gives	highly	selective	epidurography	that	may	delineate	small	defects	or	 discontinuities	 of	 anatomical	 structures.	 Using	 a	 combination	 of	 the	 above-mentioned	 techniques,	 epidural	 pathology	 can	 be	 evaluated	 systematically	 and	perhaps	 with	 greater	 accuracy	 with	 epiduroscopy	 than	 with	 more	 conventional	diagnostic	techniques	such	as	MRI.16		In	 addition	 to	 its	 diagnostic	 function,	 epiduroscopy	 can	 be	 used	 to	 treat.	 For	example,	the	mechanical	action	of	the	scope	can	be	used	to	remove	adhesions,	while	the	working	channel	of	the	scope	allows	for	targeted	injection	of	medications	or	the	introduction	of	surgical	 instruments.17–19	Obviously,	success	of	 treatment	depends	on	the	underlying	pathology.	Therefore,	success	or	failure	of	treatment	can	be	used	as	 a	 measure	 of	 the	 validity	 of	 diagnostic	 parameters	 obtained	 through	epiduroscopy.			Observations	made	through	epiduroscopy	are	suggestive	of	pathology	of	the	spinal	canal.	 However,	 an	 accurate	 diagnosis	 cannot	 be	 made	 as	 epidural	 pathology,	 as	
observed	 through	 epiduroscopy,	 has	 not	 been	 described	 in	 much	 detail,	 and	references	 to	 the	subject	are	 limited	 in	number	and	quality.3,4,6,13,20,21	However,	 if	one	performs	epiduroscopy	with	some	regularity,	the	concept	of	what	constitutes	a	normal	epidural	space	becomes	clearer.	As	a	consequence,	deviations	from	normal	or	pathology	can	be	recognized.	In	addition	to	the	identification	of	abnormalities	of	the	 epidural	 space,	 a	 correlation	between	 treatment	of	 presumed	pathology	using	epiduroscopy	 and	 success	 of	 outcome	 becomes	 evident.	 Some	 observations	 of	epidural	 pathology	 are	 recurring	 and	 could	 be	 considered	 as	 diagnostic	 markers	such	that	a	prognosis	with	respect	to	outcome	of	treatment	can	be	made.			
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The	aim	of	 this	study	was	 to	evaluate	 these	diagnostic	markers	 for	consistency	by	evaluating	 the	accuracy	of	prediction	of	 outcome	after	diagnosis	 and	 treatment	of	epidural	pathology	using	epiduroscopy.		METHODS	A	prospective	observational	study	of	139	patients	was	performed.	IRB	approval	was	obtained.	 Patients	 with	 back	 pain	 and	 radicular	 pain	 were	 included	 if	 symptoms	were	 chronic	 (>	 6	 months),	 if	 surgery	 on	 the	 spine	 was	 not	 indicated,	 and	 if	conservative	 treatment,	 including	 epidural	 corticosteroid	 injections,	 failed	 to	provide	 adequate	 pain	 relief.	 Patients	with	 prior	 surgery	 on	 the	 lumbar	 or	 sacral	spine	were	included.	Routine	epiduroscopy,	assisted	by	fluoroscopy,	was	performed	under	 monitored	 anesthesia	 care.6	 The	 posterior	 lumbosacral	 epidural,	 lateral	recesses,	 neural	 foramina,	 and	 the	 anterior	 epidural	 cavity	were	 studied	 between	the	vertebral	levels	of	L2	and	S2.			The	following	visual	diagnostic	parameters	were	obtained:			1. Hyperemia:	 Abnormal	 redness	 of	 a	 discrete	 area	 of	 dura	 root	 sleeve,	peridural	 membrane,	 or	 other	 epidural	 structure,	 as	 compared	 to	 normal	appearing	areas	of	the	epidural	space	(Figure	1).	
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Figure	 1.	 Increased	small	vessel	vascularity	or	hyperemia	on	the	dura.	Center	image	is	epiduroscopy	
view	(posterior	is	up);	upper	right	is	fluoroscopic	image	showing	location	of	epiduroscope	tip.		 2. Changes	in	vascularity:	Increase	or	decrease	in	number,	appearance,	or	size	of	blood	vessels	 in	a	discrete	area	of	the	epidural	space	as	compared	to	the	blood	 vessels	 of	 the	 epidural	 cavity	 on	 the	 opposite	 side	 or	 at	 a	 different	lumbar	level.	Veins	that	appeared	bright	or	dark	red,	curved,	balloon	shaped,	or	 tortuous	were	 considered	 to	be	abnormal	 (Figure	2).	Pulsating	enlarged	bright	blood	vessels	were	considered	arterial.	
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Figure	 2.	 Increased	 vascularity.	 Dilated	 veins	 of	 the	 posterior	 epidural	 plexus.	 Center	 image	 is	
epiduroscopy	view;	upper	right	is	fluoroscopic	image	showing	location	of	epiduroscope	tip.				3.	Fibrosis:	Tissue	organized	in	strings	and	sheets	of	white	fibers	or	the	presence	of	impenetrable	dense	white	tissue	was	considered	fibrosis.	 In	mild	epidural	 fibrosis,	the	scope	could	easily	be	advanced.	In	severe	fibrosis,	it	was	difficult	or	impossible	to	advance	the	scope	(Figure	3).6	We	previously	described	4	degrees	of	fibrosis	but	chose	 in	 this	 study	 to	 use	 a	 grading	 of	 only	 2	 degrees	 (severe	 and	 moderate)	considering	these	distinctions	appropriate	markers	for	determining	prognosis.6	
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Figure	 3.	Area	of	increased	vascularity,	hyperemia	and	fibrosis.	Center	image	is	epiduroscopy	view;	
upper	right	is	fluoroscopic	image	showing	location	of	epiduroscope	tip.			The	following	mechanical	diagnostic	parameters	were	obtained:	1.	 Concordant	 pain:	 If	 mechanical	manipulation	 of	 a	 discrete	 patch	 of	 tissue	 (not	necessarily	a	nerve	root)	produced	pain	that,	according	to	the	patient,	was	similar	in	character	 and	 location	 to	 the	 pain	 for	 which	 the	 patient	 sought	 treatment.	 This	response	was	 compared	 to	 the	 response	 elicited	on	 the	 contralateral	 noninvolved	area	of	the	cavity	or	at	a	different	level	on	the	ipsilateral	side	(usually	not	painful).	2.	 Contrast	 spread:	 The	 extent	 of	 spread	 of	 contrast	 material	 was	 evaluated	(epidurography).	Epidurography	was	considered	normal	if	contrast,	 injected	in	the	lateral	recess	just	above	the	pedicle,	followed	the	contours	of	the	superior	aspect	of	the	pedicle	laterally	and	the	neural	groove	caudally	(Figure	4).	Any	discontinuity	in	
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the	 spread	 of	 contrast	 along	 the	 inferior	 aspect	 of	 the	 neural	 foramen	 on	fluoroscopy	was	considered	abnormal.	Large	interruptions	were	considered	defects.	
	
Figure	 4.	 Epidurogram.	 Flow	 of	 contrast	 outside	 the	 spinal	 canal	 shows	 patency	 of	 the	 inferior	
neuroforamen.	Center	image	is	fluoroscopic	image;	upper	right	is	epiduroscopy	view.		3. Patency:	If	the	inferior	aspect	of	the	neural	foramina	could	be	traversed	with	the	 tip	of	 the	 epiduroscope	while	maintaining	 contact	with	 the	pedicle,	 the	lateral	 recess	 was	 considered	 patent	 (Figure	 5).	 If	 the	 scope	 could	 not	 be	placed	 beyond	 the	 inferior	 aspect	 of	 the	 corresponding	 lamina	 (on	fluoroscopy),	the	lateral	recess	was	considered	not	patent.	If	the	scope	could	be	placed	beyond	this	line,	but	not	all	the	way	toward	the	lateral	aspect	of	the	pedicle,	patency	was	considered	to	be	reduced.	
	 70	
	
Figure	 5.	 The	 epiduroscope	 is	 placed	 into	 the	 extra	 spinal	 space	 showing	 a	widely	 patent	 inferior	
neuroforamen.	Center	image	is	fluoroscopic	image;	upper	right	is	epiduroscopy	view.		After	diagnostic	evaluation	by	epiduroscopy,	all	patients	were	 treated.	All	patients	were	given	prophylactic	antibiotic	intravenously	just	before	the	procedure	started.	Treatment	 included	 injection	 of	 hyaluronidase	 (Wydase	 1500	 U)	 to	 facilitate	removal	of	barriers	preventing	injected	fluids	from	reaching	target	areas.	Next,	any	adhesions	 present	 in	 the	 inferior	 aspect	 of	 the	 neural	 foramen	 and	 between	 the	lamina	 and	 the	 posterior	 aspect	 of	 the	 nerve	 root	 were	 removed	 using	 forceful	injection	of	saline	through	the	working	channel	of	the	scope.	Mechanical	force	was	delivered	by	deflecting	and	by	advancing	the	tip	of	the	scope.	Fluid	dissection	was	carried	out	by	 injecting	approximately	3-mL	 increments	of	 fluid	up	 to	10	mL	total	with	 firm	 pressure	 applied	 with	 a	 thumb	 to	 the	 plunger	 of	 a	 10-mL	 syringe	containing	 the	 fluid.	 Mechanical	 dissection	 was	 carried	 out	 by	 moving	 the	epiduroscope	tip	from	side-to-side	using	firm	pressure	applied	with	an	index	finger	to	 the	 deflection	 controller.	 Lastly,	 methylprednisolone	 (Depomedrol	 80	mg)	 and	
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ropivacaine	 (Naropin"	 10	 mL	 0.2%)	 were	 injected	 at	 the	 site	 of	 pathology.	Procedures	were	completed	 in	30	minutes	or	 less.	Total	 fluid	volume	injected	was	60	`	10	mL	saline,	10	to	15	mL	corticosteroid/local	anesthetic	mixture,	10	to	15	mL	hyaluronidase	in	saline,	plus	5	to	15	mL	iohexol.			Based	on	the	diagnostic	parameters	as	described	above,	a	prediction	of	outcome	of	treatment	(excellent,	good,	fair,	poor,	indeterminate,	see	below)	was	made	using	the	following	algorithm:	If	 concordant	 pain	 present	and	Visual	 markers	 (hyperemia,	 increased	 vascularity,	fibrosis)	present		
and	Normal	epidurography	and	Patent	neuroforamen:		Prognosis	excellent	
or	Limited	 discontinuity	 on	 epidurography	 and	 mildly	 reduced	 patency:	 Prognosis	good	
or	Significant	 discontinuity	 on	 epidurography	 and	 markedly	 reduced	 patency:	Prognosis	fair	
or	Neuroforamen	not	patent	and	absence	of	transforaminal	spread:		Prognosis	poor	If	concordant	pain	and/or	visual	markers	absent:		Prognosis	undetermined.	Patients	were	 interviewed	 one	month	 after	 epiduroscopy	 and	 asked	 to	 rate	 their	satisfaction	with	 the	 treatment.	Outcome	was	 considered	 “excellent”	 if	 the	patient	was	 highly	 satisfied	 with	 the	 result	 (i.e.,	 complete	 relief),	 “good”	 if	 patient	 was	
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satisfied	with	the	result	(i.e.,	good	pain	relief),	“fair”	if	the	patient	was	only	partially	satisfied	 with	 the	 result	 (mild-to-moderate	 pain	 relief),	 and	 “poor”	 if	 the	 patient	denied	any	improvement.			A	 prediction	 was	 considered	 correct	 if	 pain	 relief	 was	 predicted	 to	 be	 good	 or	excellent	 and	outcome	was	 good	or	 excellent	 or	 if	 pain	 relief	was	predicted	 to	 be	poor	 or	 fair	 and	 outcome	was	 poor	 or	 fair.	 No	 change	 in	 pain	was	 considered	 an	accurate	 prediction	 of	 outcome	 in	 patients	 in	 whom	 the	 diagnosis	 was	undetermined.			Sensitivity,	 specificity,	 and	 accuracy	 of	 epiduroscopy	 in	 the	prediction	 of	 outcome	were	 determined.	 The	 frequency	 of	 the	 presence	 of	 a	 diagnostic	 marker	 in	 the	different	outcome	groups	was	determined.	Results	were	analyzed	using	contingency	tables	and	calculation	of	odds	ratios	(P	<	0.05	significant).	RESULTS	One	 hundred	 thirty-nine	 patients	 were	 included	 in	 the	 study.	 The	median	 age	 of	patients	was	53	years	with	a	range	of	17	to	87	years.	Fifty-five	patients	(40%)	were	male,	and	12	patients	had	back	surgery	prior	 to	 the	procedure.	Symptoms	of	neck	pain	 or	 headache	 indicating	 pressure	 increase	 associated	with	 injection	were	 not	observed.	Complications	were	rare,	minor,	and	resolved	within	a	day.	Some	patients	had	pain	at	 the	epidural	space	access	site.	Radiating	pain	was	also	observed	 if	 the	dorsal	root	ganglion	was	touched	by	the	epiduroscope	tip.			A	 prediction	 of	 outcome,	 based	 on	 a	 diagnosis	 of	 epidural	 pathology	 through	epiduroscopy,	was	made	in	114	patients	(82%).	This	prediction	was	correct	in	89	of	these	 114	 patients	 (accuracy	 of	 78%).	 The	 sensitivity	 of	 epiduroscopy	 in	 the	prediction	 of	 a	 good	 or	 excellent	 outcome	 (i.e.,	 the	 ability	 to	 identify	 treatable	pathology	using	epiduroscopy)	was	75%.			The	 specificity	of	 epiduroscopy	 in	 the	 correct	prediction	of	no	 change	or	only	 fair	improvement	with	treatment	(i.e.,	the	ability	to	identify	untreatable	pathology	using	
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epiduroscopy)	was	82%	(Table	1).	Results	were	statistically	significant	(P	<	0.01).			
 
 Actual Outcome   
Predicted Outcome Fair/Poor Good/Excellent   
   Sensitivity 0.75 
Fair/Poor 45 37 8 Specificity 0.82 
Good/Excellent  69 17 52 Accuracy 0.78 
 
Table 1.  Predicted vs. Actual Outcome in Patients with a Diagnosis of Epidural 
Pathology. 		Discrete	epidural	pathology	was	not	observed	in	25	of	139	patients	(18%).	Sixteen	of	 these	 25	patients	 did	 not	 have	pain	 relief,	 or	 only	mild	 improvement,	 1	month	after	epiduroscopy.	Nine	of	these	25	patients	reported	good	or	excellent	pain	relief	after	 epiduroscopy.	 The	 sensitivity	 of	 epiduroscopy	 in	 the	 diagnosis	 of	 epidural	pathology	 was	 91%.	 The	 specificity	 (i.e.,	 the	 ability	 to	 exclude	 the	 presence	 of	discrete	 epidural	 pathology	 using	 epiduroscopy)	was	 39%	 (Table	 2).	 Statistically,	these	results	were	not	significantly	different	(P	>	0.1).			
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	 Correct	Prediction	 Incorrect	Prediction	 	 		 	 	 Sensitivity		 0.91	Pathology	observed	114		
89	 25	 Specificity		 0.39	
No	pathology	observed	25		
16	 6	 Accuracy		 0.76	
 
Table 2. Prediction	of	outcome	in	patients	with	observed	epidural	pathology	vs.	patients	without	
observed	epidural	pathology.	
		Prognosis	of	outcome	was	made	in	all	patients	with	concordant	pain	and	findings	of	discrete	epidural	pathology	on	epiduroscopy.	However,	in	one	patient,	the	diagnosis	was	 based	 on	 epiduroscopic	 observations	 only,	 as	 the	 procedure	 was	 performed	under	general	anesthesia.	 In	these	patients,	 frequency	of	observation	of	diagnostic	markers	for	the	different	actual	outcome	groups	is	presented	in	Figure	6.			
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Figure	6.	Diagnostic	markers	in	outcome	categories.		Frequency	of	observation	of	diagnostic	markers	is	presented	for	patients	in	whom	a	prognosis	 of	 outcome	 could	 not	 be	 made	 (i.e.,	 no	 change	 with	 treatment	 using	epiduroscopy)	(Figure	7).	
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Figure	7.	Diagnostic	markers	in	patients	with	an	undetermined	prognosis.			DISCUSSION	Our	results	show	that	epiduroscopy	predicts	outcome	of	treatment	accurately	in	the	majority	of	patients.	This	suggests	that	information	obtained	through	epiduroscopy	may	 carry	 significant	 diagnostic	 and	 prognostic	 value.	 In	 addition,	 diagnostic	markers	 obtained	 through	 epiduroscopy	 may	 reflect	 epidural	 pathology	 not	diagnosed	using	conventional	imaging	techniques	such	as	MRI.			Recent	 studies	 have	 evaluated	 the	 value	 of	 epiduroscopy	 in	 the	 diagnosis	 and	treatment	 of	 patients	 with	 back	 pain	 and/or	 leg	 pain.3–5,7,9,18,22	 Technical	limitations	with	 respect	 to	 visualization	 and	 lack	 of	 a	 systematic	 approach,	 to	 the	evaluation	 of	 the	 epidural	 space	 through	 epiduroscopy,	make	 the	 results	 of	 these	studies	difficult	 to	 interpret.	Most	 investigators	have	evaluated	epiduroscopy	with	respect	 to	 outcome	 after	 treatment,	 not	 in	 terms	 of	 observations.	 Pathological	conditions	such	as	fibrosis,	granulation,	increased	vascularization,	or	canal	stenosis	
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have	been	observed.	However,	the	epiduroscopic	criteria	by	which	such	pathology	is	defined	 and	 proposed	 mechanisms	 by	 which	 treatment	 exerts	 its	 effect	 remain	arbitrary	because	references	to	a	standard	are	not	available.			In	 our	 study,	 an	 attempt	 was	 made	 to	 identify	 epiduroscopic	 criteria	 for	 the	identification	of	otherwise	unspecified	epidural	pathology.	The	outcome	component	was	meant	as	an	indicator	of	the	discriminative	value	of	these	criteria,	and	neither	as	a	confirmation	of	presumed	epidural	pathology	observed	through	epiduroscopy,	nor	as	a	measure	of	efficacy	of	treatment.			
Concordant	Pain	The	contents	of	 the	normal	epidural	 space	are	not	painful	when	 touched	with	 the	epiduroscope.	 Presence	 of	 concordant	 pain	 to	 touch,	 at	 a	 discrete	 epidural	 patch,	was	 a	 critical	 factor	 in	 the	 prediction	 of	 outcome.	 Whether	 the	 outcome	 was	favorable	 or	 unfavorable,	 reproducible	 pain	 was	 a	 necessary	 condition	 for	 the	diagnosis	 of	 significant	 epidural	 pathology.	 This	 suggests	 that	 a	 painful	 epidural	patch	may	contain	the	pain	generator	but	alternatively	and	may	merely	be	a	conduit	for	pain	transmitted	from	a	pain	generator	at	a	distant	site.	However,	the	accuracy	of	 the	prediction	of	 outcome	was	 good	 if	 additional	 diagnostic	markers	 suggested	local	 pathology	 in	 the	 area	 of	 concordant	 pain.	 Treatment	 of	 more	 extensive	pathology,	 such	 as	 severe	 epidural	 fibrosis	 or	 lateral	 recess	 stenosis,	 was	 less	predictable.	This	suggests	that	pathology	 involved	 in	the	pathogenesis	of	 low	back	or	leg	pain	may	be	closely	associated	with	these	painful	epidural	patches.			The	 notion	 of	 concordance	 under	 heavy	 sedation	 may	 be	 subject	 to	 criticism.	Although	most	patients	were	able	to	describe	pain	to	touch	as	similar	to	their	usual	pain,	 the	 exact	 characterization	 of	 the	 pain	 response	 did	 not	 seem	 to	 be	 of	major	significance	as	absence	of	any	pain	response	led	to	low	accuracy	of	prediction,	while	presence	of	any	type	of	pain	response	led	to	high	accuracy.			
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Selective	Epidurography	Another	 important	 diagnostic	 marker	 was	 the	 result	 of	 selective	 epidurography.	Normal	flow	of	contrast	(i.e.,	following	the	contours	of	the	spinal	canal	and	epidural	structures)	 in	 combination	 with	 concordant	 pain	 was	 indicative	 of	 a	 favorable	outcome.	Presence	of	a	defect,	even	if	small,	made	the	prognosis	less	favorable.	This	also	suggests	the	existence	of	a	relatively	small	area	of	epidural	space,	responsible	for	the	generation	of	back	and	leg	pain	in	patients.	A	large	defect	on	epidurography	was	correlated	with	a	poor	outcome	and	suggests	severe	epidural	pathology,	which	interestingly,	may	not	 always	be	diagnosed	with	 conventional	 imaging	 techniques	such	as	MRI	or	CT	scan.5,6	
Epidural	Patency	Closely	related	to	the	free	flow	of	contrast	material	using	selective	epidurography	is	the	 ability	 to	 pass	 the	 scope	 into	 specific	 areas	 of	 the	 spinal	 canal.	 Lateral	 recess	stenosis	 (acquired	 or	 congenital),	 disk	 herniation	with	 significant	 neuroforaminal	narrowing,	or	severe	epidural	scarring	may	cause	hindrance	to	scope	advancement.	In	general,	 inability	 to	pass	 the	scope	 into	 the	 lateral	 recesses,	 independent	of	 the	cause,	 carried	 an	 unfavorable	 prognosis.	 This	 may	 be	 explained	 by	 the	 extent	 of	epidural	pathology	 in	 these	 areas	or	 the	 inability	of	 the	 scope	 to	 reach	 the	 site	of	pathology	(ie,	site	of	concordant	pain).	As	good	spread	of	contrast	material	on	local	epidurography	 in	 the	 presence	 of	 hindrance	 to	 scope	 advancement	 carried	 a	relatively	favorable	prognosis,	the	latter	explanation	is	supported	in	some	patients.	Ability	to	advance	the	epiduroscope	outside	the	neural	foramen,	keeping	the	scope	in	 close	 proximity	 to	 the	 superior	 aspect	 of	 the	 pedicle	 on	 fluoroscopy,	 was	 an	accurate	 predictor	 of	 a	 good	 outcome,	 and	 this	maneuver	may	 play	 an	 important	role	in	the	treatment	of	low	back	and	leg	pain.23,24	
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Epidural	Vascularity	Presence	of	increased	or	decreased	vascularity	is	an	indicator	of	epidural	pathology.	Pathology	 represented	 by	 increased	 vascularity	 is	 heterogeneous	 and	 includes	venous	 congestion	 through	 outflow	 obstruction	 (intraspinal	 or	 extraspinal),	arteriovenous	anastomoses	or	inflammation	accompanied	by	vasodilatation.25–29	In	patients	with	increased	vascularity	on	epiduroscopy,	pain	relief	with	treatment	may	be	 the	 result	 of	 improved	 venous	 outflow	 after	 adhesiolysis	 through	 mechanical	removal	 of	 tissue	 containing	 inflammatory	 substances	 or	 through	 the	 chemical	reduction	 in	 vasoactive	 mediators	 in	 the	 inflammatory	 response.	 Increased	vascularity	was	 often	 observed	 in	 patients	with	 lateral	 recess	 stenosis,	which	 can	lead	to	marked	vasodilatation	through	outflow	obstruction	or	possibly	through	the	activation	 of	 arteriovenous	 shunts.27	 Long-term	 pain	 relief	 with	 treatment	 using	epiduroscopy	 is	unlikely	 in	 these	patients.	 Increased	vascularity	 in	 the	 absence	of	lateral	recess	stenosis	or	severe	epidural	fibrosis	may	be	a	diagnostic	marker	for	a	treatable	condition	such	as	inflammation	and	has	a	more	favorable	outcome.	
Epidural	Fibrosis	Dense	 fibrosis	may	 obliterate	 the	 entire	 epidural	 space	 and	 is	 characterized	 by	 a	decrease	 in	 vascularity.6	 This	 condition	 is	 mostly	 associated	 with	 prior	 surgical	intervention	and	has	a	poor	prognosis.	Epidurography	will	be	abnormal,	and	scope	advancement	 is	 impossible	 in	 these	 patients.5,6,30	 Mild-to-moderate	 fibrosis,	 in	conjunction	 with	 local	 pain	 reproduction,	 was	 an	 indicator	 of	 a	 more	 favorable	outcome,	 possibly	 because	 pathology	 was	 accessible	 and	 more	 amendable	 to	treatment.	
Inflammation	The	 importance	 of	 inflammation	 as	 a	 diagnostic	 parameter	was	moderate.	 This	 is	expected	 because	 inflammation	 is	 a	 generic	 term	 and	 the	 characteristics	 of	inflammation	of	the	epidural	space	are	not	well	known.	This	can	be	explained	by	the	
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absence	of	loose	connective	tissue	and	therefore	absence	of	interstitial	space	in	the	epidural	 cavity.	 Epiduroscopic	 findings	 such	 as	 a	 pain	 response,	 increased	vascularity,	and	mild	fibrosis	were	observed	frequently,	suggesting	an	inflammatory	response.	 Abnormal	 redness	 of	 the	 dura	 or	 surrounding	 tissue,	 suggesting	hyperemia	or	exudate,	was	less	often	seen.			It	is	also	possible	that	inflammation	in	the	epidural	space	appears	different	because	the	reaction	to	tissue	damage	in	the	epidural	space	is	different	than,	for	example,	the	reaction	 to	 tissue	 damage	 in	 the	 peritoneal	 or	 pleural	 cavity.17,28	 In	 addition,	inflammation	may	be	confined	to	a	very	small	area	of	the	epidural	space	and	can	be	missed	 by	 epiduroscopy.	 This	 may	 explain	 some	 favorable	 outcomes	 of	epiduroscopy	 in	 the	 presence	 of	 concordant	 pain	 but	without	 diagnostic	markers	suggestive	 of	 inflammation.	 Interestingly,	 if	 markers	 of	 inflammation	 were	identified,	 they	were	often	found	in	the	 lateral	recesses,	not	continuous	with	dura,	nerve	root	sleeve,	or	dorsal	root	ganglion.	 In	most	 instances,	where	the	scope	was	placed	directly	over	the	posterior	longitudinal	ligament	covering	the	disk,	we	were	not	able	to	identify	markers	suggestive	of	inflammation.	
Diagnosis	and	Prognosis	of	Epidural	Pathology	No	 single	 finding	 on	 epiduroscopy	 predicted	 outcome	 accurately	 for	 all	 patients.	However,	based	on	empirical	relations	between	outcome	and	certain	combinations	of	 diagnostic	 markers,	 an	 algorithm	 could	 be	 developed	 that	 predicted	 outcome	accurately	in	most	patients.	 In	this	algorithm,	a	 large	defect	on	epidurography	and	concordant	 pain	 at	 discrete	 epidural	 patches	 were	 the	 most	 important	 variables,	which	separated	the	different	outcome	groups.	In	each	outcome	group,	observation	of	 a	 visual	 abnormality	 was	 a	 necessary	 condition	 to	 make	 a	 diagnosis.	 If	 no	abnormality	 was	 observed,	 the	 prognosis	 was	 considered	 indeterminate.	 In	 the	presence	 of	 observable	 pathology,	 accessibility	 of	 the	 spine	 and	 patency	 of	 the	inferior	aspect	of	the	neural	foramina	were	the	final	determinants	of	a	prognosis.	It	is	of	note	that	observations	such	as	bulging,	herniated,	or	 inflamed	appearing	disk	and	compressed	or	 inflamed	appearing	nerve	root	were	seldom	made	and	did	not	
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play	a	role	in	the	algorithm.			Limitations	 of	 this	 study	 include	 the	 lack	 of	 well-	 defined	 criteria	 for	 the	 study	parameters.	This	is	partly	due	to	a	limited	number	of	studies	in	this	field,	technical	limitations	 of	 epiduroscopy,	 and	 an	 incomplete	 under-	 standing	 of	 the	pathophysiology	of	 low	back	pain.	Another	 limitation	 is	 the	accuracy	of	measuring	the	degree	of	pain	 relief.	Variability	 in	 the	experience	of	pain	and	 the	presence	of	additional	unrelated	pain	generators	make	a	comparable	quantitative	measurement	of	pain	relief	difficult.	However,	 the	definition	of	 few	broad	outcome	classes	using	satisfaction	with	the	degree	of	pain	relief	as	a	measure	of	outcome,	rather	than	pain	relief	itself,	made	the	classes	sufficiently	distinct	for	the	purpose	of	this	study.			In	 conclusion,	 information	 obtained	 through	 lumbosacral	 epiduroscopy	 has	significant	diagnostic	and	prognostic	value	and	may	be	helpful	 in	the	management	of	 patients	 with	 low	 back	 pain	 and/or	 leg	 pain.	 More	 detailed	 knowledge	 of	 the	anatomy,	histology,	and	pathology	of	the	intact	lumbar	epidural	space	will	improve	our	ability	to	study	and	understand	the	pathophysiology	of	low	back	and	leg	pain.	REFERENCES	1.	 Heavner	 JE,	 Cholkhavatia	 S,	 Kizelshteyn	 G.	 Percutaneous	 evaluation	 of	 the	epidural	 and	 subarachnoid	 space	 with	 the	 flexible	 fiberscope.	 Reg	 Anesth.	1991;15S:85.	2.	 Saberski	 LR.	 The	 history	 of	 epiduroscopy	 (spinal	 canal	 endoscopy).	 The	 Pain	Clinic.	2007;9:141–148.	3.	Geurts	JW,	Kallewaard	JW,	Richardson	J,	Groen	GJ.	Targeted	methylprednisolone	acetate/hyaluronidase/clonidine	injection	after	diagnostic	epiduroscopy	for	chronic	sciatica:	a	prospective,	1-year	follow-up	study.	Reg	Anesth	Pain	Med.	2002;27:343–352.	4.	Igarashi	T,	Hirabayashi	Y,	Seo	N,	Saitoah	K,	Fukuda	H,	Suzuki	H.	Lysis	of	adhesions	and	epidural	 injection	of	steroid/local	anaesthetic	during	epiduroscopy	potentially	alleviate	low	back	and	leg	pain	in	elderly	patients	with	lumbar	spinal	stenosis.	Br	J	Anaesth.	2004;93:181–187.	5.	Richardson	 J,	McGurgan	P,	Cheema	S,	Gupta	S.	 Spinal	 endoscopy	 in	 chronic	 low	back	pain	with	radiculopathy:	a	prospective	case	series.	Anaesthesia.	2001;56:454–
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Chapter	5.		Diagnosis	of	the	Vertebral	Level	from	Which	Low	Back	or	Leg	Pain	
Originates.	A	Comparison	of	Clinical	Evaluation,	MRI	and	Epiduroscopy	Hemmo	A.	Bosscher,	James	E.	Heavner.		Pain	Practice,	Volume	12,	Issue	7,	2012	506–
512	
ABSTRACT	
Background:	 The	 precise	 localization	 of	 painful	 structures	 in	 the	 spine	 of	 patients	with	 low	 back	 pain	 and/or	 pain	 radiating	 (LBP/RP)	 to	 the	 lower	 extremities	 is	important	for	targeted	therapeutic	intervention.	The	aim	of	the	study	reported	here	was	 to	determine	 and	 compare	 the	 spinal	 segment(s)	where	pain	was	 elicited	via	endoscopic	 evaluation	 vs.	 the	 vertebral	 level	 from	where	 the	pain	was	 thought	 to	originate	as	determined	by	clinical	evaluation	and	by	MRI.	
Methods:	 Observational	 cohort	 study	 of	 143	 patients	 19	 to	 88	 years	 of	 age	undergoing	 spinal	 canal	 endoscopy	 (epiduroscopy)	 in	 a	 combined	 academic	 and	private	 practice	 setting	 January	 2008	 to	 December	 2008.	 Patients	 were	 asked	whether	 pain	 generated	 by	 pressure	 upon	 epidural	 structures	 with	 the	 tip	 of	 an	endoscope	was	 similar	 in	 character	 and	 distribution	 (concordant)	 to	 the	 pain	 for	which	 patients	 sought	 treatment.	 Notes	 from	 clinical	 evaluation	 and	MRI	 reports	were	 reviewed,	 and	 segmental	 level	 determined	 to	 be	 the	 locus	 of	 pathology	was	tabulated.	
Results:	 One	 hundred	 twenty-five	 (87%)	 patients	 reported	 maximal	 reproducible	pain	at	a	specific	level	during	epiduroscopy.	The	most	common	level	was	at	L4	to	L5	(87	patients).	The	least	common	level	was	L5	to	S1	(2	patients).	In	only	40	patients	did	the	level	determined	by	clinical	evaluation	correlate	with	the	level	at	which	pain	could	be	reproduced	during	epiduroscopy.	MRI	 indicated	a	specific	vertebral	 level	that	 corresponded	 to	 the	 level	 at	 which	 pain	 could	 be	 reproduced	 during	epiduroscopy	in	28	of	143	(20%)	patients.	The	results	of	the	3	diagnostic	methods	were	significantly	different	(P	<	0.01).		
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Conclusion:	Results	of	this	study	indicate	that	epiduroscopy	is	more	reliable	than	is	either	clinical	evaluation	or	MRI	for	determining	the	vertebral	level	where	clinically	significant	spinal	pathology	occurs	in	patients	with	LBP/RP.		INTRODUCTION	Despite	the	advancement	of	percutaneous	pain	management	techniques	and	the	use	of	 rigid	 endoscopy	 in	 surgery	 of	 the	 spine,	 direct	 observation	 of	 spinal	 pathology	other	than	through	a	standard	surgical	wound	is	still	 limited.	Thus	 intervention	at	the	 correct	 spinal	 segment(s),	 even	 surgically,	 relies	 on	 accurate	 clinical	examination	 and	 imaging	 such	 as	 with	 CT	 scan	 or	 magnetic	 resonance	 imaging	(MRI).	The	diagnosis	of	the	correct	vertebral	level	through	clinical	evaluation	often	depends	 on	 dermatomal,	myotomal,	 and	 sclerotomal	 distributions	 of	 the	 nervous	system.	 Identification	 of	 these	 patterns	 in	 clinical	 practice	 is	 often	 ambiguous.1–4	MRI	is	considered	by	many	to	be	the	gold	standard	for	localization	of	common	spinal	pathology,	but	the	accuracy	of	MRI	has	been	questioned.5–11	These	limitations	may	make	the	choice	of	the	correct	level	of	therapeutic	intervention	challenging.1,12	Flexible	endoscopy	of	the	epidural	cavity	(epiduroscopy)	can	be	used	to	evaluate	the	contents	and	visualize	pathology	of	the	lumbar	spinal	canal	as	well	as	locate	tissue	that	 when	 pressed	 elicits	 pain.13,14	 All	 segments	 in	 the	 lumbar	 canal	 can	 be	examined	 bilaterally	 via	 a	 single	 entry	 through	 the	 sacral	 hiatus.	 Epiduroscopy	 is	mostly	performed	under	monitored	anesthesia	care	allowing	direct	communication	with	patients.	This	permits	evaluation	of	the	patient’s	response	to	manipulation	of	epidural	 structures	 in	 distinct	 regions	 of	 the	 epidural	 cavity.	 If	 pain	 produced	 by	contact	with	epidural	structures	is	similar	in	nature	and	distribution	to	the	pain	for	which	 the	 patient	 is	 seeking	 treatment	 (concordant	 pain),	 it	 can	 be	 assumed	 that	this	region	of	the	spinal	canal	is	directly	or	indirectly	related	to	spinal	pathology	of	interest.2,4	 The	 aim	 of	 the	 study	 reported	 here	 was	 to	 compare	 the	 clinically	significant	 vertebral	 level	 identified	 through	 endoscopic	 evaluation	with	 the	 level	
	 86	
determined	through	clinical	evaluation	(history	and	physical	examination)	and	the	level	determined	with	MRI	and	to	obtain	the	frequency	distribution	of	the	vertebral	levels	at	which	a	concordant	pain	response	could	be	evoked	through	epiduroscopy.	METHODS	After	approval	from	the	Texas	Tech	University	Health	Sciences	Center	Institutional	Review	Board	 for	 the	Protection	of	Human	Subjects	was	obtained	(IRB	L05099),	a	prospective	 observational	 study	 of	 143	 patients	 was	 performed.	Written	 consent	was	obtained	from	all	subjects.	Epiduroscopy	was	performed	on	patients,	19	to	88	years	 of	 age,	 median	 55	 years,	 57	 men	 and	 86	 women,	 with	 back	 pain	 and/or	radiating	pain.	Patients	were	entered	into	the	study	if	symptoms	were	chronic	(>	6	months),	if	surgery	on	the	spine	was	not	indicated	(e.g.,	presence	of	intractable	pain	and/or	 neurologic	 deficit),	 and	 if	 conservative	 treatment,	 including	 epidural	corticosteroid	 injections,	 failed	to	provide	adequate	pain	relief.	Patients	with	prior	surgery	 on	 the	 lumbar	 or	 sacral	 spine	 were	 included	 in	 the	 study.	 Routine	epiduroscopy	assisted	by	 fluoroscopy	was	performed	under	monitored	anesthesia	care	as	described	previously.13	After	 infiltration	 of	 the	 access	 site	 with	 local	 anesthetic,	 epidural	 access	 was	established	 by	 placing	 a	 sheath	 through	 the	 sacral	 hiatus	 using	 the	 Seldinger	Technique.	Then,	a	flexible	epiduroscope	(Storz,	2.7	mm)	was	advanced	through	the	sheath	 into	 the	 posterior	 epidural	 cavity	 while	 saline	 was	 infused	 through	 the	working	 channel	 of	 the	 scope.	 A	 defect	 was	 considered	 to	 be	 present	 if	 major	obstruction	 to	 scope	 advancement	 was	 encountered.	 In	 the	 absence	 of	 such	obstruction,	 posterior	 epidural,	 lateral	 recesses,	 neural	 foramina,	 and	 the	 anterior	epidural	 cavity	 were	 systematically	 evaluated	 visually	 and	 by	 touching	 epidural	structures	with	 the	epiduroscope	 tip	between	 the	vertebral	 levels	of	L2	and	S2	 to	identify	the	presence	of	painful	regions.	
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Concordancy	Patients	were	asked	whether	the	pain	generated	by	pressing	upon	discrete	areas	in	the	epidural	cavity	with	the	tip	of	the	epiduroscope	was	similar	in	distribution	and	character	to	the	pain	for	which	the	patient	was	seeking	treatment.	(Figures	1,	2,	3)	This	 was	 compared	 with	 the	 non-painful	 response	 to	 touch	 when	 an	 anatomical	structure	 such	 as	 a	 nerve	 root	 in	 a	 different	 region	 of	 the	 epidural	 cavity	 was	touched.	
	
Figure	 1.	A	 flexible	 fiberoptic	endoscope	 is	placed	 in	the	neural	 foramen	at	L2	to	3.	 If	back	and	 leg	
pain	 can	 be	 reproduced	 with	 respect	 to	 character	 and	 distribution,	 the	 level	 is	 considered	 to	 be	 of	
clinical	significance.			
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Figure	 2.	The	nerve	root	of	L5,	posterior	longitudinal	ligament	and	Batson’s	plexus	are	visible	in	the	
lateral	 recess	 just	cephalad	 to	 the	pedicle	of	L5.	Each	structure	can	be	 touched	and	evaluated	 for	 the	
presence	of	concordant	pain.			
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Figure	 3.	The	posterior	longitudinal	ligament	is	hyperemic	(left	L4	lateral	recess).	This	suggests	the	
presence	of	clinical	significant	pathology.		
	
	
	
Level	Definition	The	 vertebral	 level	 was	 defined	 as	 the	 region	 between	 the	 mid	 points	 of	 2	subsequent	 pedicles,	 for	 example,	 L5	 equals	 the	 midpoint	 between	 L4	 and	 L5	pedicles,	as	observed	through	fluoroscopy	or	MRI	where	the	concordant	pain	could	be	 generated.	 The	 following	 5	 regions	 were	 included	 in	 the	 study:	 the	 region	
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corresponding	to	the	level	of	L3	to	L4,	L4	to	L5,	or	L5	to	S1	and	the	region	above	L3	or	below	the	pedicle	equivalent	of	S1.	If	more	than	1	level	was	identified	where	the	response	 was	 concordant	 to	 a	 component	 of	 the	 pain,	 more	 than	 1	 level	 was	considered	to	contain	clinical	significant	pathology.	
MRI	Reports	Routine	MRI	evaluation	of	the	lumbar	spine	reported	by	qualified	radiologists	was	used	 to	 determine	 the	 vertebral	 level	 of	 pathology	 (e.g.,	 spinal	 stenosis,	degenerative	disk	disease,	etc.)	 from	which	the	pain	was	thought	 to	originate.	The	vertebral	level	was	defined	as	the	region	between	the	mid	points	of	two	subsequent	pedicles	as	 identified	by	MRI.	Only	pathology	reported	as	moderate	or	severe	was	considered	to	be	significant.	If	moderate	or	severe	pathology	was	identified	at	more	than	one	level,	more	than	one	level	was	considered	to	be	of	clinical	significance.	
Clinical	Evaluation	As	in	most	instances,	back	pain	and	accompanying	pain	that	radiates	down	the	leg	do	 not	 follow	 a	 precise	 dermatomal	 distribution;	 referred	 pain	 patterns	 and	associated	 spinal	 segments	 as	 described	 by	 Feinstein,	 Inman,	 and	 Kellgren	 were	used	 in	 the	 clinical	 evaluation.15–17	 Thus,	 the	 vertebral	 level	 was	 defined	 as	 the	region	between	the	mid	points	of	 two	subsequent	pedicles	at	which	the	pathology	was	presumed	to	be	present	based	on	the	following	radiating	patterns:	Pain	at	the	lateral	 posterior	 thigh,	 lateral	 calf,	 and	 dorsum	 of	 the	 foot	 was	 considered	 to	 be	associated	with	the	segment	of	L5	and	pathology	located	in	the	region	of	the	L4	to	5	vertebral	 level.	 Pain	 radiating	 over	 the	 anterior	 lateral	 thigh	 and	 anterior	medial	shin	was	considered	to	be	associated	with	the	segment	of	L4	and	pathology	located	at	the	region	of	the	L3	to	4	vertebral	 levels.	Pain	at	the	anterior	thigh	or	the	groin	was	considered	to	represent	pathology	above	the	pedicle	of	L3,	while	pain	referring	down	the	posterior	thigh,	calf,	or	heel	was	associated	with	pathology	at	the	region	of	L5	to	S1	or	below.	
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Comparison	The	vertebral	level	as	identified	by	each	method	was	compared	as	follows:	(1)	If	two	methods	 identified	 the	 same	 levels	 as	 clinically	 significant,	 the	 findings	 were	considered	to	be	in	agreement.	(2)	If	methods	identified	different	single	or	multiple	levels,	the	findings	were	considered	to	be	in	disagreement.	
Statistics	Results	 were	 evaluated	 using	 chi-squared	 test	 on	 binomial	 distributions	 and	Bonferroni	correction	(P	<	0.05	significant).		RESULTS	In	 18	 of	 143	 patients,	 no	 painful	 region	 in	 the	 lumbosacral	 spinal	 canal	 could	 be	identified	 by	 epiduroscopy	 (Figure	 4).	 In	 8	 of	 these	 patients,	 clinically	 significant	pathology	 (spinal	 stenosis,	 degenerative	 disk	 disease,	 disk	 herniation,	 etc.)	 was	identified	on	MRI.			In	125	of	143	patients,	pain	could	be	reproduced	in	a	discrete	area	of	the	spine	using	epiduroscopy.	 The	 most	 frequent	 levels	 of	 pain	 reproduction	 were	 L4	 to	 5	 (87	patients)	followed	by	L3	to	4	(14	patients),	combined	accounting	for	93%	of	patient	in	whom	pain	could	be	reproduced	and	81%	of	all	patients	in	the	study.	The	levels	of	clinically	 significant	 pathology	 from	 which	 pain	 was	 thought	 to	 originate	 as	determined	by	clinical	 examination	were	most	 frequently	L3	 to	4	and	L4	 to	5	 (54	patients).	 In	 contrast,	 when	 evaluated	 with	 MRI,	 no	 clinically	 significant	 lesions	were	reported	in	the	majority	of	patients	(87)	(Figure	4).			
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Figure	4.	Distribution	of	the	vertebral	levels	at	which	clinical	significant	pathology	was	diagnosed	via	
clinical	evaluation,	lumbar	MRI,	and	epiduroscopy.	Radiating	pain	corresponding	to	pathology	at	a	level	below	S1	was	not	diagnosed	in	any	patient	through	clinical	evaluation,	lumbar	MRI,	or	epiduroscopy.			Clinical	 evaluation	 diagnosed	 a	 different	 region	 at	 which	 spinal	 pathology	 was	thought	 to	 be	 present	 than	 did	 through	 touch	 with	 epiduroscopy	 in	 103	 of	 143	(72%)	 patients.	 This	 difference	 was	 statistically	 significant	 (P	 <	 0.01).	 MRI	diagnosed	 a	 different	 vertebral	 level	 compared	 with	 epiduroscopy	 in	 115	 of	 143	(80%)	patients.	This	difference	was	also	statistically	different	 (P	<	0.01)	 In	only	5	patients	 (3.5%)	 did	 epiduroscopy,	MRI,	 and	 clinical	 evaluation	 agree	 on	 the	 same	vertebral	level(s).			
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DISCUSSION	The	most	significant	 finding	of	this	study	is	that	there	 is	poor	correlation	between	the	 spinal	 segments	 at	 which	 clinically	 significant	 pathology	 is	 determined	 to	 be	present	by	epiduroscopy	vs.	the	level	determined	by	clinical	evaluation	and	by	MRI.	Important	 questions	 are	 (1)	 Why	 are	 the	 levels	 of	 pathology	 determined	 by	 the	three	 different	 techniques	 not	 in	 agreement?	 (2)	Which	 level	 determined	 by	 each	technique	is	important	for	guiding	targeted	treatment?	We	believe	the	levels	differ	because	 the	 3	 assessment	 techniques	 assess	 different	 indicators	 and	 that	 levels	determined	by	epiduroscopy	are	the	best	for	guiding	targeted	treatment.		The	 problems	 of	 identifying	 the	 segment(s)	 of	 significant	 pathology	 by	 clinical	evaluation	are	familiar	to	the	pain	physician.	Pure	segmental	distribution	of	pain	is	frequently	not	found.1–7	To	explain	the	inconsistent	results	from	clinical	evaluation,	MRI	 findings,	 and	 epiduroscopy,	 three	 possible	 pathophysiological	 mechanisms	should	 be	 considered.	 (1)	 The	 nerve	 root	 and	 dorsal	 root	 ganglion	 (DRG)	 are	directly	 involved	 in	 local	 pathology	 of	 the	 spine	 (e.g.,	 disk	 protrusion	 with	compression	of	DRG)	and	cause	dermatomal	distribution	of	pain,	 loss	of	sensation,	and	loss	of	motor	strength	in	the	associated	muscle	groups.	(2)	The	nerve	root	and	dorsal	 root	 ganglion	 are	 directly	 involved	 but	 cause	 a	 mixture	 of	 dermatomal,	sclerotomal,	and	myotomal	components	in	the	distribution	of	pain,	loss	of	sensation,	and	 motor	 weakness,	 and	 (3)	 The	 nerve	 root	 and	 dorsal	 root	 ganglion	 are	 not	directly	involved.	In	this	case,	back	pain	and	radiating	pain	down	the	leg	are	caused	by	an	alternative	pathophysiological	mechanism.			The	 first	 mechanism	 is	 important	 in	 the	 patient	 with	 verifiable	 nerve	 root	compression	leading	to	neuropathic	pain.	Direct	compression	of	a	nerve	root	or	its	blood	supply	leads	to	a	dermatomal	distribution	of	radiating	pain.18	These	patients	are	often	surgical	candidates	and	are	unlikely	to	present	with	chronic	back	and	leg	symptoms	such	as	the	patients	in	our	study.1		
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The	nature	of	the	second	pathophysiological	mechanism	is	more	obscure.	Radiating	pain	may	 be	 explained	 by	 alternative	 radiating	 patterns	 such	 as	 a	 described	with	sclerotomal	 or	 non-dermatomal	 patterns	 obtained	 through	 stimulation	 of	 deep	somatic	structures	of	the	spine.15–17	An	attempt	to	use	a	combination	of	dermatomal,	myotomal,	and	sclerotomal	referral	patterns	instead	of	 just	dermatomal	to	localize	the	segment	of	clinically	significant	pathology	by	clinical	evaluation	did	not	result	in	significant	improved	specificity	in	the	diagnosis	as	compared	to	epiduroscopy	in	our	study.	 Indeed,	 the	 very	 existence	 of	 a	 sclerotomal	 pain	 referral	 pattern	 has	 been	questioned.19			The	third	mechanism	by	which	non-radicular	radiating	pain	can	be	explained	may	not	depend	on	dysfunction	of	the	nerve	root	or	dorsal	root	ganglion.	Instead,	a	wide	variety	of	rather	nonspecific	radiating	pain	patterns	in	response	to	touch	of	painful	epidural	 structures	 other	 than	 the	 nerve	 root	 or	 dorsal	 root	 ganglion	 during	epiduroscopy	were	observed	in	this	study.	This	agrees	with	similar	observations	by	others.2–6	 This	 diversity	 may	 be	 better	 explained	 by	 nociceptive	 pain	 originating	from	sensitization	(e.g.,	 through	 inflammation)	of	 the	nerve	plexus	 that	covers	 the	inside	 of	 the	 spinal	 canal	 and	 not	 through	 pathology	 affecting	 the	 nerve	 root	 or	dorsal	root	ganglion	directly.	This	network	is	complex	and	has	connections	to	nerve	roots	 at	multiple	 levels.	 Referred	pain	patterns	 to	 the	 back	 and	 lower	 extremities	would	therefore	be	highly	sensitive	to	the	precise	location	and	extent	of	the	lesion	in	the	spinal	canal	and	neural	foramina.20		
	MRI	 and	 epiduroscopy	 are	 different	 diagnostic	 tools.	 MRI	 describes	 observable	spinal	pathology	often	associated	with	compression	of	a	nerve	root	or	dorsal	 root	ganglion.	 MRI	 is	 therefore	 more	 likely	 to	 diagnose	 the	 precise	 location	 of	 the	pathology	 in	 patients	 with	 true	 radicular	 symptoms.	 Response	 to	 touch	 during	epiduroscopy	is	functional	and	can	identify	painful	areas	more	diffuse	in	nature	and	too	 small	 for	 the	 discriminative	 power	 of	 MRI.	 Epiduroscopy	 is	 more	 likely	 to	diagnose	disease	that	is	not	directly	associated	with	compression	of	the	nerve	root	or	 dorsal	 root	 ganglion.	 This	 may	 explain	 why	 MRI	 is	 a	 weak	 indicator	 of	 the	
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vertebral	 level	diagnosed	 through	epiduroscopy	 in	 this	study	but	not	 in	studies	of	patients	who	presents	with	classic	radiculopathy.21		The	 heterogeneity	 of	 pathology	 reported	 on	 MRIs	 may	 explain	 some	 of	 the	discrepancies	in	diagnostic	methods	observed	in	this	study	as	well.	However,	from	the	 treating	 physician’s	 point	 of	 view,	 the	 severity	 of	 the	 pathology	 is	 usually	 a	major	determinant	in	the	diagnosis	of	the	vertebral	level	of	spinal	pathology,	not	the	nature	of	the	pathology	(e.g.,	severe	disk	degeneration	at	L3	to	4	is	considered	more	significant	in	the	diagnosis	than	mild	spinal	stenosis	at	L4	to	5).			Precise	 description	 of	 radiating	 patterns	 and	 corresponding	 vertebral	 levels	 of	pathology	 in	 clinical	 examination	 is	 a	 challenge	 for	 several	 reasons.	 Segmental	distribution	of	pain	as	described	in	radicular	pain	involves	multiple	types	of	afferent	and	efferent	nerve	fibers	and	secondary	central	pain	processing	resulting	in	primary	and	 secondary	 hyperalgesia,	 each	 modality	 with	 its	 own	 topographical	representation	and	overlap.	For	example	 innervation	of	 the	bones,	 the	sclerotome,	rarely	overlies	 a	portion	of	 the	 corresponding	dermatome.	Non-radicular	 referred	radiating	pain	patterns,	obtained	through	stimulation	of	the	deep	somatic	tissues	of	the	back	or	tissues	in	the	epidural	cavity,	also	lack	consistency	and	suffer	from	the	same	 limitations	 as	 radicular	 pain	 patterns.	 For	 these	 reasons,	 it	 is	 difficult	 to	describe	 well-defined	 radiating	 pain	 patterns	 and	 the	 poor	 relationship	 between	clinical	 evaluation	 and	 epiduroscopy	 in	 the	 evaluation	 of	 the	 vertebral	 level	 from	which	the	radiating	pain	is	thought	to	originate	is	not	surprising.			Reproducibility	 of	 pain	 elicited	 when	 painful	 structures	 in	 the	 epidural	 cavity	pressed	upon	with	an	endoscope	may	be	questioned.	But	mechanical	manipulation	of	 structures	 in	 the	 normal	 epidural	 cavity	 is	 in	 general	 not	 painful.	 This	 can	 be	confirmed	easily	on	routine	epiduroscopy	and	agrees	with	the	findings	by	others.14	In	 contrast,	when	pressure	 is	 exerted	on	a	pathological	 region	of	 the	 spinal	 canal,	most	 patients	 report	 pain	 sensations	 with	 obvious	 similarity	 to	 character	 and	distribution	of	the	pain	for	which	they	sought	treatment.	
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Distribution	 of	 lumbar	 spinal	 levels	 reported	 in	 the	 literature	 at	 which	 surgical	intervention	 is	 performed	 (L3	 to	 4,	 L4	 to	 5,	 L5	 to	 S1)	 differs	 somewhat	 from	 the	distribution	 of	 clinically	 significant	 pathology	 determined	 by	 epiduroscopy	 in	 this	study.21,22	 In	 addition	 to	 the	 arguments	 stated	 earlier,	 indications	 for	 surgery	(intractable	 pain	 and/or	 neurologic	 deficit)	 vs.	 indications	 for	 epiduroscopy	(moderate	to	severe	back	pain	and	radiating	pain)	may	also	lead	to	different	patient	selection	and	therefore	to	different	level	distributions.			The	absence	of	significant	spinal	pathology	at	level	of	L5	to	S1	in	patient	population	we	studied	 is	remarkable	considering	the	 frequency	of	abnormalities	diagnosed	at	this	 level	based	on	MRI	and	 the	 relative	 frequent	 spine	 surgery	performed	at	 this	level	in	general.22,23		In	conclusion,	the	pathophysiology	of	a	‘‘posterior	protruding	disk’’	and	‘‘sciatica’’	as	described	by	Mixter	and	Barr	may	fit	 the	patient	with	 intractable	pain	and	a	strict	dermatomal	 pain	 pattern	 but	 must	 be	 an	 oversimplification	 in	 patients	 with	moderate	to	severe	back	pain	and	non-dermatomal	leg	pain	commonly	seen	in	pain	management	institutions.24			The	majority	 of	 clinically	 significant	 epidural	 pathology	 found	by	 epiduroscopy	 in	patients	with	 low	back	pain	and/or	 radiating	pain	down	 the	 leg	 in	 this	 study	was	located	at	the	L4	to	L5	vertebral	level,	followed	by	L3	to	L4.	Pathology	at	other	levels	was	 far	 less	 common.	 As	 compared	 to	 the	 pain	 response	 to	 direct	 touch,	 using	epiduroscopy,	clinical	evaluation	and	MRI	were	of	low	specificity	in	the	diagnosis	of	the	correct	vertebral	level	of	clinical	significant	spinal	pathology.		REFERENCES	1.	Milette	PC.	Radiculopathy,	radicular	pain,	radiating	pain,	referred	pain:	what	are	we	really	talking	about?	Radiology.1994;192:280–282.	2.	 Milette	 PC,	 Fontaine	 S,	 Lepanto	 L,	 Breton	 G.	 Radiating	 pain	 to	 the	 lower	
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The	Peridural	Membrane	of	the	Spinal	Canal:	A	Critical	Review	Saeed	 Ansari,	 James	 E.	 Heavner,	 Douglas	 J.	 McConnell,	 Hassan	 Azari,	 Hemmo	 A.	Bosscher,	MD.		Pain	Practice,	Volume	12,	Issue	4,	2012	315–325.		Abstract:	 There	 exists	 substantial	 evidence	 that	 a	 peridural	 membrane	 (PM)	 is	present	in	the	spinal	canal	of	humans	and,	like	the	pleura	and	peritoneum,	has	one	or	more	physiologic	functions.	Innervation	of	the	PM	suggests	that	it	may	become	a	source	 of	 pain	 if	 injured.	 Although	 debated,	 the	 physiology	 of	 this	 structure	 has	important	implications	with	respect	to	neuraxial	distribution	of	drugs	and	for	back	and	 radiating	 pain.	 This	 review,	 separated	 into	 embryological,	 anatomic,	 and	physiologic	discussions,	pro-	vides	an	in-depth	summary	of	the	observations	of	this	connective	tissue.	The	discrepancies	between	accounts	are	highlighted	within	each	section.	Focused	research	to	clearly	elucidate	the	true	nature	of	the	PM,	especially	as	related	to	neuraxial	distribution	of	drugs	and	back	and	radiating	pain,	is	warranted.			INTRODUCTION	Mounting	 evidence	 suggests	 that	 the	 epidural	 cavity	 is	 lined	 by	 a	membrane,	 the	peridural	membrane	(PM),	similar	 to	pleura	and	peritoneum	that	 line	 the	 thoracic	and	abdominal	 cavities,	 respectively.	The	PM,	 like	 the	pleura	and	peritoneum,	has	one	or	more	physiologic	functions	and	may	become	a	source	of	pain	if	injured.	This	has	 potentially	 important	 implications	 with	 respect	 to	 neuraxial	 distribution	 of	medications,	as	well	as	for	back	and	radiating	pain.			The	 human	 spinal	 canal	 has	 long	 been	 of	 interest	 to	 physicians	 in	 many	 fields,	including	anesthesiologists,	pain	specialists,	radiologists,	neurologists,	and	surgeons.	However,	 advances	 in	 clinical	 utilization	 of	 the	 epidural	 cavity	 for	 a	 variety	 of	
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purposes,	 including	neuraxial	anesthesia	and	acute	and	chronic	pain	therapy,	have	outpaced	 the	 intimate	 anatomic	 knowledge	 of	 the	 canal	 itself.	 The	 PM	 has	 often	escaped	 formal	 inclusion	 in	 anatomy	 textbooks	 and	 teachings.	 The	 PM	 was	 first	described	 by	 Fick1	 in	 1904	 and	 named	 by	 Dommisse2	 in	 1975.	 The	 literature	includes	a	handful	of	notable	references	to	this	structure,	but	observations	are	often	accompanied	 by	 obscurity,	 controversy,	 and	 contradiction.	 In	 many	 cases	 the	seemingly	 well-informed	 description	 of	 one	 author	 is	 completely	 unobserved	 or	rebuked	by	another,	and	thus,	the	overall	view	of	the	PM	lacks	consensus.	In	light	of	this	inconclusive	spectrum	of	data,	we	review	references	in	the	literature	pertaining	to	 the	 PM,	 including	 embryological,	 anatomic,	 and	 physiologic	 and	 functional	information.	 Our	 goal	 is	 to	 organize	 pertinent	 information	 and	 identify	 the	 most	clinically	relevant	gaps	in	knowledge	so	investigators	can	address	these	issues	more	readily,	especially	as	it	relates	to	neuraxial	anesthesia	and	back	and	radiating	pain.		METHODS	A	 literature	 search	 was	 conducted	 using	 the	 PubMed	 database	 and	 the	 Internet	search	engine	Google	Scholar.	Two	authors	(S.A.	and	D.J.M.)	independently	searched,	compiled,	 and	 analyzed	 (S.A.	 and	 H.A.)	 the	 literature	 from	 1900	 to	 2009.	 Search	terms	 included,	 peridural	membrane	 (and)	 spinal	 canal,	 epidural	membrane	 (and)	
spinal	canal,	spinal	canal	membrane(s),	pain	(and)	spinal	canal	membrane(s),	spinal	
connective	 tissue,	 peridural,	 and	 epidural	 membrane.	 Only	 articles	 written	 in	 or	translated	 to	English	were	used.	The	 resulting	pool	of	 literature	was	 reviewed	 for	specific	 references	 to	 the	 PM	 and	 for	 accounts	 that	 closely	 resembled	 other	descriptions	of	the	PM.	In	addition	to	the	search	of	the	bibliographic	databases,	the	reference	 lists	 of	 all	 retrieved	 articles	 were	 screened	 for	 relevant	 studies.	Information	 from	 these	 sources	was	 organized	 into	 embryological,	 anatomic,	 and	physiologic	data	to	more	effectively	differentiate	between	the	accepted	and	debated	knowledge	of	the	structure.	
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	DISCUSSION	
Historical	Views	The	 ‘‘peridural	 membrane’’	 has	 long	 been	 the	 subject	 of	 variable	 anatomic	description,	 ranging	 from	a	 ‘‘thin,	 lacy’’	membrane3	 to	a	 ‘‘continuous,	 smooth,	 and	shiny	translucent’’	layer.4	The	first	mention	of	the	PM	in	the	spinal	canal	is	credited	to	Rudolf	Fick,1	a	German	anatomist,	in	1904,	although	this	entry	is	rather	brief.	In	1951,	 Frykholm5	 documented	 a	 ‘‘continuous,	 delicate	 epidural	 membrane’’	 in	 the	dorsal	 spinal	 canal	 consisting	 of	 two	 extremely	 thin	 fibrous	 layers	 enveloping	 a	single	layer	of	veins.	Ventrally,	a	‘‘conspicuous	fascial	membrane’’	covered	the	entire	longitudinal	 space	 between	 intervertebral	 discs.	 Both	 membranes	 continued	 into	the	 ‘‘epiradicular	sheaths’’	surrounding	the	nerve	roots,	extending	out	through	the	intervertebral	foramina.	Although	the	connection	is	not	explicitly	made	by	Frykholm,	the	extension	of	both	the	ventral	and	dorsal	membranes	into	the	sheaths	implies	a	circumferentially	 continuous	 connective	 tissue	 surrounding	 the	 dura	 mater.	 This	early	 reference	 to	 a	 connective	 tissue	 membrane	 surrounding	 the	 spinal	 canal,	although	lacking	certain	details	and	nomenclature,	serves	as	a	basic	description	for	the	PM.	Later,	Schmorl	and	Junghanns6	described	‘‘a	thin	layer	of	connective	tissue,	separating	 the	 longitudinal	 veins	 of	 the	 spinal	 canal	 from	 the	 dura	 mater,’’	 with	noted	similarity	 to	Fick’s	account.	 In	1975	Dommisse2	became	 the	 first	 to	 refer	 to	this	structure	as	the	‘‘peridural	membrane.’’	He	explicitly	noted	the	circumferential	continuity	of	the	PM	‘‘lin(ing)	the	lumen	of	the	canal.’’7	These	initial	studies	provide	a	simple	definition	of	the	PM,	which	has	been	modified	over	the	years	to	include	its	embryological	development,	anatomic	relationships,	and	physiologic	function.	
Embryology	The	embryological	 origin(s)	of	 the	PM	 is	not	well	 known.	Our	 review	 revealed	no	studies	 that	 specifically	 label	 the	 PM	 in	 an	 embryological	 or	 fetal	 examination.	
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However,	the	development	of	the	lining	of	the	spinal	canal	has	been	documented.8–10	 Even	 here,	 some	 debate	 exists	 as	 to	 its	morphologic	 origin4,11	 and	whether	 to	identify	this	lining	as	the	PM12,13	or	the	periosteum8–10,14	of	the	vertebra.			
Embryonic	studies	from	as	early	as	4	weeks9,10	show	a	well-developed	spinal	cord	surrounded	 by	 a	 primary	 meningeal	 layer10	 (also	 referred	 to	 as	 perimedullary	mesenchyme,10	 mesenchyme,15	 primary	 meninx,9	 or	 meninx	 primitiva16).	 The	innermost	portion	of	this	primary	meningeal	layer,	derived	from	the	neural	crest,10	condenses	to	form	the	rudiment	of	the	pia	and	arachnoid	mater	around	6	weeks	(15	mm	crown-to-	rump	length,	CRL).	Simultaneously,	the	cells	closest	to	the	vertebral	canal	(VC)	condense	into	what	Rodionov	et	al.10	termed	the	 ‘‘primary	pavement	of	the	vertebral	canal.’’	The	authors	note	that	this	most	peripheral	mesenchymal	tissue	is	of	somite	origin.	The	‘‘pavement’’	further	laminates	over	the	6th	week	(16–18	mm	CRL)	 to	 become	 double-layered.	 The	 inner	 layer	 is	 primitive	 dura	 mater,	 which	separates	 from	 the	 VC.	 At	 7	 weeks	 (20–23	 mm	 CRL),	 the	 outer	 layer	 of	 the	‘‘pavement,’’	which	remains	adjacent	to	the	vertebrae,	becomes	perichondrium.	The	continued	 separation	 of	 the	 dura	 mater	 from	 the	 perichondrium	 creates	 the	epidural	space.10,16	This	separation	occurs	 first	 in	cervical	segments	and	descends	down	 the	 spine.	 Within	 the	 spinal	 canal,	 the	 lateral	 segments	 of	 the	 dura	 mater	separate	 first,	 followed	by	 the	anterior	and	posterior	portions.10	By	13	weeks,	 the	perichondrium	has	begun	the	transition	to	periosteum.8	At	this	time	point,	Hamid	et	al.8	observed	a	double-layered	periosteum	covering	the	vertebral	arch	and	body;	the	inner	 cellular	 connective	 tissue	 layer	 contained	 osteoblasts	 and	 spread	 over	ossification	centers,	while	the	external	layer	was	made	of	fibrous	dense	connective	tissue.	Vessels	were	seen	in	between	these	layers.			
The	above-mentioned	analyses9,10,15	support	early	ideas11,16–18	that	the	spinal	dura	mimics	 the	separation	of	dura	of	 the	brain,	which	has	both	meningeal	 (inner)	and	periosteal	 (outer)	or	endosteal	 layers.	Below	the	 foramen	magnum,	 the	meningeal	layer	 continues	 as	 the	dura	mater	 surrounding	 the	 spinal	 cord,	 and	 the	 endosteal	
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layer	 continues	 as	 the	 periosteum	 of	 the	 inner	 vertebral	 bone	 tissue.9,10,18	Sensenig16	showed	that	there	was	initially	no	distinction	between	the	dura	and	the	perichondrium	 of	 the	 VC	 as	 they	 developed	 from	 sclerotomic	 tissue,	 and	 that	 the	epidural	 space	 developed	 as	 a	 separation	 between	 these	 layers.	 Von	Ludinghausen11	 described	 an	 endorachis,	 which	 developed	 from	 the	 same	mesenchyme	 as	 the	 pia	 and	 arachnoid	 mater	 into	 the	 posterior	 longitudinal	ligament	 (PLL)	 and	 the	 lining	 of	 the	 VC.	 Hogan19	 seems	 to	 agree	 with	 the	 dural	origin	of	the	lining	of	the	canal.	He	also	raises	the	interesting	point	that	the	anterior	epidural	 space,	 between	 von	 Ludinghausen’s	 endorachis	 and	 the	 vertebral	 body,	could	have	an	independent	embryological	origin	from	the	rest	of	the	epidural	cavity.			Alternative	hypotheses	do	not	categorize	the	lining	of	the	spinal	canal	as	part	of	the	dura.	 As	 stated	 by	 Kappers20:	 ‘‘...Confusion	 disappears	 if	 the	 so-called	 periosteal	dura	 is	 left,	where	 it	belongs	 from	nature	and	origin,	with	the	connective	tissue	of	the	endochondrium	or	endosteum,	while	the	term	dura	is	restricted	to	the	internal	dural	membrane	of	other	authors.’’	Dommisse2	specifically	stated	that	 the	PM	was	‘‘generally	 mistaken	 for	 the	 ‘outer	 layer	 of	 the	 dura.’’’	 Newell21	 compared	 pig	embryo	 specimens	 containing	 the	 histologic	 planes	 between	 developing	 pleural	tissues	and	between	developing	neural	 tube	and	vertebral	 tissue.	They	note:	 ‘‘The	appearances	 were	 identical	 and	 the	 mesenchyme	 being	 limited	 by	 a	 single	‘mesothelial’	 cell	 layer	 in	 each	 case.’’4	 In	 another	 section	 of	 the	 article,	 Newell4	suggests	 the	possibility	 that	von	Ludinhausen’s11	endorachis	may	be	derived	 from	this	‘‘mesothelial’’	cell	layer,	located	between	the	bone	and	spinal	cord.	In	a	separate	section,4	he	more	arbitrarily	theorizes	that	because	venous	channels	force	apart	the	dura	 mater	 and	 the	 perichondrium,16	 the	 resulting	 epidural	 space	 could	 be	 a	modified	 venous	 sinus,	 and	 thus,	 the	 lining	 of	 the	 canal	 would	 be	 endothelial	 in	origin.			
Wiltse	et	al.12,13	offered	the	hypothesis	that	there	is	no	periosteum	within	the	spinal	canal,	but	only	the	PM	functioning	as	homologous	tissue.	They	observed	a	fairly	well	
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developed	PM	in	a	stillborn	infant,	as	well	as	in	an	8-month	old.12,13	The	authors	cite	many	 observations	 during	 spinal	 surgeries	 of	 retracting	 the	 PM	 and	 viewing	 only	the	 ‘‘bare	 bone’’	 of	 vertebral	 bodies	 from	 a	 posterior	 perspective.	 They	 further	defend	this	claim	by	citing	a	case	of	a	young	girl	surgically	treated	for	tuberculous	kyphosis	whose	vertebral	bodies	grew	considerably	post-procedurally.22	However,	the	absent	osteal	growth	on	 the	posterior	 surfaces	of	 the	 treated	vertebral	bodies	suggested	a	lack	of	periosteum.	In	explicit	contradiction	to	Wiltse,12,13	Hamid	et	al.8	believe	 that	 they	 observed	 a	 classic,	 double-layered	 periosteum,	 instead	 of	 a	 PM	consisting	 of	 homologous	 tissue.	 They	 write:	 ‘‘...We	 think	 that	 Wiltse’s	 PM	corresponds	 either	 to	 the	 loose	 connective	 tissue	 or	 to	 the	 periosteum....	 In	 fact,	from	 13	 weeks	 connective	 tissue	 having	 the	 same	 characteristics	 as	 periosteum	covered	the	ossification	centers.’’8			The	fact	that	the	PM	is	not	specifically	mentioned	in	these	embryological	and	fetal	descriptions	severely	limits	conclusions.	At	this	point,	only	conjecture	as	to	the	PM’s	developmental	process	is	possible.	However,	it	is	worthwhile	to	note	that	the	lining	of	 the	 spinal	 canal,	 regardless	 of	 nomenclature,	 is	 derived	 from	 the	 same	mesodermal	anlage10,16	as	dural	progenitor	 tissue.	Further	 research	will	 surely	be	needed	to	ascertain	the	exact	embryological	origin	of	the	PM	and	its	relationship	to	other	developing	structures.		
Anatomy	Based	on	prior	gross	and	microscopic	works,	the	PM	is	described	as	a	fibrovascular	sheath	 about	 one-fourth	 the	 toughness	 of	 the	 dura	 mater	 that	 extends	 entirely	around	the	bony	canal.1,2,7,12,13,15,23,24	Wiltse	et	al.12,13	show	that	the	PM	inserts	to	the	anteromedial	surface	of	the	deep	PLL.	It	continues	along	the	medial	surfaces	of	the	pedicles,	around	the	caudal	laminae	and	ligamenta	flava.	At	the	level	of	the	disc,	it	 is	 continuous	 with	 connective	 tissue	 surrounding	 the	 radicular	 nerves,	 which	
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Kikuchi	 et	 al.25,26	 called	 the	 ‘‘epiradicular	 sheath’’	 and	 Frykholm5	 called	 the	 ‘‘per-	iradicular	sheath,’’	although	Wiltse	prefers	the	name	 ‘‘circumneural	sheath.’’12	The	PM	is	not	present	along	the	posterior	surface	of	the	intervertebral	discs.13	The	veins	of	Batson’s	plexus	run	along	the	posterior	surface	of	the	PM,	although	these	vessels	often	penetrate	 the	membrane	 in	 the	midline	 to	become	the	basivertebral	veins.13	Our	own	micro-dissections	on	the	 lumbosacral	spinal	canal	of	cadavers	revealed	a	continuous	thin	and	glossy	membranous	structure	lining	the	posterior	aspect	of	the	vertebral	 bodies,	 extending	 across	 the	 inner	 surfaces	 of	 the	 laminae	 and	 covering	the	posterior	surface	of	the	spinal	canal	(Figure	1).27		
	
Figure	 1.	The	peridural	membrane	(PM)	is	viewed	in	the	lumbar	region	from	the	posterior	aspect	in	
fixed	(A)	and	fresh	(B)	cadaver	dissections.	(A)	After	laminectomy,	thin	and	web-like	remnants	of	the	PM	
(white	arrow)	remain	attached	to	the	dura	mater	(black	arrowhead)	and	follow	the	nerve	root	(white	
arrowhead)	 as	 it	 exits	 the	 spinal	 canal.	 This	 evidence	 of	 the	 PM	 remained	 despite	 the	 influences	 of	
fixation	 and	 gross	 dissection.	 (B)	 Postlaminectomy	 remnants	 of	 the	 PM	 (white	 arrows)	 are	 observed	
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between	spinous	processes	(asterisks).	Parts	of	the	membrane	can	be	seen	attached	to	bone	in	the	upper	
right	 field	 of	 view,	 and	 preserved	 portions	 in	 the	 midline	 demonstrate	 the	 membrane’s	 longitudinal	
extension	into	lower	segments.	In	addition	we	observe	this	membrane	during	lumbosacral	epiduroscopy	
of	patients	(Figure	2).			
	
Figure	2.	Different	epiduroscopic	views	of	the	peridural	membrane	in	the	posterior	epidural	cavity	of	
a	 27-year-old	 woman.	 Fluoroscopic	 images	 in	 the	 upper	 right	 of	 each	 frame	 shows	 location	 of	 the	
epiduroscope	 tip	 (white	 circle).	 Arrows	 mark	 edge	 of	 membrane.	 Two	 black	 dots	 on	 epiduroscopy	
images	are	broken	fiber	bundles.		
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Figure	 3.	 (A)	 Sequential	 progression	 of	 connective	 tissue	 layers	 in	 the	 anterior	 spinal	 canal	 from	
anterior	to	posterior	(L1–L5,	posterior	view,	pedicles	cut).	The	peridural	membrane	(PM)	is	visualized	
anterior	to	the	posterior	 longitudinal	 ligament	and	Batson’s	plexus,	but	does	not	cross	the	 level	of	the	
intervertebral	disc.	 (B)	Axial	cross	section	of	 spinal	column	at	L5	vertebra,	 showing	the	PM	lining	the	
inner	surface	of	the	spinal	canal	and	the	position	of	adjacent	structures.				Judging	from	these	collective	observations,	 it	would	be	appropriate	to	say	that	the	PM	 is	 a	 consistently	 found	 structure,	with	noted	 anatomic	 connections	 to	 adipose	tissue,	 blood	 vessels,	 and	 other	 connective	 tissues	 of	 the	 spinal	 canal	 (Figure	 3).	Further	details	from	anatomic	studies	referring	to	the	PM	are	summarized	in	Table1.	
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	 Year	 Type	of	Study	 Nomenclature	 Description	Frykholm	 1951	 Cadaver	dissection	 Epidural	membrane	 Dorsal:	Two	thin	layers	of	fibrous	tissue	enveloping	a	single	row	of	veins	Ventral:	Fascial	membrane	separating	dura	from	venous	plexuses	Dommisse	 1975	 Cadaver	dissection	 Not	Specified	 The	PLL	extends	circumferentially,	lining	the	spinal	canal	along	with	the	periosteal		membrane	of	the	neural	arches		Dommisse	 1975	 Cadaver	dissection	 PM	 A	thick,	double	layered	membrane	that	incorporates	the	periosteum	of	the	neural	arches	at	the	posterior	portion	of	spinal	canal	Hayashi	 1977	 Cadaver	dissection				With	histology				Including	fetal	study	
Epidural	membrane	 Deep	PLL	continues	laterally	as	a	tough	membrane	of	variable	consistency	and	is	continuous	with	the	thin	epidural	membrane	of	the	ventral	epidural	cavity	Hasue	 1983	 Cadaver	dissection	 Epidural	membrane	 Noted	a	membranous	structure	in	the	posterior	spinal	canal	Between	the	dura.	This	membrane	was	continuous	with	the	“epiradicular	sheath”	which	was	in	turn	continuous	with	the	superficial	membrane	of	the	PLL.	Schellinger	 1990	 Clinical	study	with	MRI,				Including	cadaver	dissection					with	histology	
Lateral	Membrane	 Delicate,	translucent	membrane	extending	from	the	lateral	edge	of	the	PLL	to	the	spinal	canal	wall.	The	posterior	surfaces	of	the	vertebral	bodies	and	the	lateral	membranes	delineate	the	anterior	epidural	space	containing	the	retro-vertebral	veins	Hogan	 1991	 Cadaver	study				(cryomicrotome	sections)	 Not	Specified	 Observed	a	membranous	separation	extending	from	the	PLL,	which	created	an	anterior	epidural	space	filled	with	veins	Also	noted	a	thin,	brown,	fibrous	layer	on	the	anterior	aspect	of	the	ligamentum	flavum,	which	at	times	was	continuous	with	the	epineurium	of	dorsal	root	ganglia	
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Wiltse	 1993	 Cadaver	dissections	 PM	 Fibrous	tissue	one-fourth	the	toughness	of	the	dura	lines	the	vertebral	canal	(includes	pedicles,	laminae,	and	ligament	flavum)	Batson’s	plexus	lies	posterior	to	its	anterior	extensions		Does	not	cover	the	intervertebral	disc	Envelops	spinal	nerves	through	lateral	spinal	canals	Attaches	to	the	anterior	surface	of	the	deep	PLL		Observed	no	periosteum	lining	the	inner	spinal	canal.	The	PM	acts	as	a	homologous	tissue	Kumar	 1996	 Immuno-histochemical	study				(rats)	 PM	 Abundant	mast	cells	and	nerve	fibers	exist	within	the	PLL	and	PM	Similar	elements	not	abundant	in	cervical	and	lumbar	dura	Loughenbury	 2006	 Cadaver	dissection	 PM	 Noted	the	presence	of	two	membranes	within	the	anterior	spinal	canal	The	first	is	the	preciously	described	PM,	observed	in	all	specimens	The	second	(“superficial	membrane	of	the	PLL”)	was	observed	in	6	of	18	cadavers	and	covered	only	the	posterior	surface	of	the	superficial	PLL		
Table 1. Original studies of membranous tissue surrounding the spinal canal.  PM, peridural membrane; 
PLL, posterior longitudinal ligament. 		
Anatomic	Discrepancies	The	 amendments	 to	 the	 anatomic	 knowledge	 of	 the	 PM	 since	 Fick’s	 original	description1	 have	 dealt	 primarily	 with	 its	 membranous	 integrity,	 relation	 to	 the	longitudinal	venous	plexus,	and	attachments	to	other,	more	established	structures.	This	evolution	in	description	has	not	been	without	controversy,	and	many	questions	as	 to	 the	 exact,	 consistent	 anatomy	 of	 the	 PM	 have	 yet	 to	 be	 addressed.	 Various	techniques	for	observing	the	PM	have	been	used	over	the	years,	and	none	of	these	
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methods	 provide	 a	 consistent	 description	 of	 the	 PM.	 Complete	 elucidation	 of	 the	nature	 of	 the	 PM	 will	 require	 reconciliation	 of	 these	 discrepancies.			The	integrity	of	the	PM	has	been	perhaps	its	most	 inconsistently	described	aspect.	Frykholm’s	 ‘‘delicate	 epidural	membrane’’5	 has	 been	 corroborated	 by	 others.	 Von	Ludinghausen11	described	a	‘‘delicate,	translucent’’	endorachis	in	1967,	a	term	used	in	the	embryological	discussions	of	other	authors.4,19,20,24	Schmorl	and	Junghanns6	agreed	with	 this	 thin	 description	 as	well.	 Hayashi	 et	 al.3	 and	 Kikuchi	 et	 al.26	 also	documented	a	‘‘thin,	lacy,	and	incomplete’’	connective	tis-	sue,	although	they	noted	that	 the	membrane	varied	 in	 integrity	between	 the	dorsal	 and	ventral	 extensions.	Hogan	 et	 al.19	 observed	 a	 ‘‘thin,	 brown,	 fibrous-	 appearing	 layer,’’	 but	 this	membrane	was	not	 always	present	 and	was	 rarely	 complete	 and	 continuous.	 In	 a	later	publication,	Hogan	et	al.28	even	demonstrate	skepticism	toward	the	existence	of	an	‘‘epidural	membrane,’’	stating	that	the	artifact	inherent	to	certain	methods	of	examination	might	 cause	existing	anatomy,	 such	as	 the	epidural	adipose	 tissue,	 to	adopt	a	membranous	appearance.	In	a	review	of	the	spinal	epidural	space,	Newell4	provides	 a	 short	 entry	 of	 a	 ‘‘shiny	 translucent	 layer,’’	 comprised	 of	 only	 a	 ‘‘single	layer	of	cells.’’			In	 contrast	 to	 these	 findings,	 other	 studies	 have	 sup-	 ported	 a	 more	 substantial	structure.	 Dommisse’s2	 original	 description	 of	 the	 PM	portrayed	 a	 ‘‘thick,	 double-layered	membrane.’’	Wiltse	 et	 al.12,13	 described	 a	 continuous	 fibrovascular	 sheath	surrounding	 the	 entire	 spinal	 canal	 ‘‘about	 one-fourth	 the	 toughness	 of	 the	 spinal	dura.’’	 It	 remains	 to	 be	 seen	whether	 this	 discrepancy	 is	 attributable	 to	 anatomic	variation,	methodological	artifact,	or	simply	different	structures.			Another	 development	 in	 the	 knowledge	 regarding	 the	 PM	 involves	 its	 anatomy	relative	to	the	longitudinal	venous	plexus	(extradural	portion	of	Batson’s	plexus)	in	the	 anterior	 epidural	 cavity.	 Schellinger	 et	 al.14	 observed	 ‘‘lateral	 membranes’’	extending	from	the	PLL	to	the	lateral	inner	surface	of	the	vertebra,	creating	a	space	between	the	membrane	and	the	posterior	aspect	of	the	vertebral	body.	The	authors	
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called	 this	 space	 the	 ‘‘anterior	 epidural	 space’’	 (AES).	 When	 viewed	 from	 the	posterior,	 the	 translucent	 nature	 of	 the	 so-called	 ‘‘lateral	 membranes’’	 allowed	examination	 of	 the	 contents	 of	 the	 AES,	 which	 included	 the	 venous	 plexus.	 This	places	 a	 connective	 tissue	membrane	 posterior	 to	 Batson’s	 plexus.	 This	 anatomic	positioning	 was	 supported	 by	 others5,6,19,29	 as	 well	 as	 by	 Vital,30	 referring	specifically	to	the	cervical	spinal	canal.	However,	Wiltse	et	al.12,13	state:	‘‘...The	veins	of	Batson	lie	in	the	body	of	this	membrane	and	on	its	posterior	surface,’’	noting	that	these	veins	penetrate	the	PM	in	the	midline	to	become	the	basivertebral	veins.	Other	accounts	corroborate	the	presence	of	veins	within	the	layers	of	the	PM,2,7	as	well	as	on	 its	 posterior	 surface.15,23,24,27	 Because	 of	 functional	 implications	 related	 to	 the	pressure	variances	and	pathogenic12	or	anesthetic	mobilization31	within	the	spinal	canal,	the	relative	anatomic	relationships	of	the	venous	plexuses	and	the	PM	remain	an	important	detail	to	characterize.			The	 exact	 definition	 of	 the	 attachments	 and	 extensions	 of	 the	 PM	 has	 gradually	developed	 over	 the	 course	 of	 many	 anatomic	 studies.	 Frykholm5	 described	connective	 tissue	 along	 the	 internal	 surfaces	 of	 the	 spinal	 canal	 that	 continued	through	 the	 intervertebral	 foramina	 as	 ‘‘periradicular	 sheaths’’;	 however,	 he	 dis-	cussed	ventral	and	dorsal	portions	separately	and	did	not	explicitly	document	 the	membrane	 surrounding	 the	 dura	 mater.	 This	 membranous	 continuity	 from	 the	ventral	to	the	dorsal	aspect	of	the	bony	spinal	canal	has	been	observed	in	a	majority	of	studies	on	the	con-	tents	of	the	epidural	cavity.2,3,7,12,13,15,23,27	The	attachments	of	the	PM	to	connective	tissue	and	bone	have	been	decidedly	more	controversial.	Early	studies3,5	 described	 connective	 tissue	 extending	 from	 the	 posterior	 or	 lateral	surfaces	of	the	PLL,	with	some	mentioning	the	superficial	PLL	specifically.3	Wiltse	et	al.13	were	the	first	to	specifically	note	that	the	PM	attaches	to	the	anterior	surface	of	the	 PLL’s	 deep	 layer,	 extending	 between	 the	 vertebral	 body	 and	 the	 PLL	 to	 the	lateral	canal,	as	proven	in	our	cadaver	study.27	At	the	level	of	the	disc,	 the	PM	has	attachments	similar	to	the	deep	PLL.24	The	PM	does	not	attach	to	the	vertebral	body	itself,	 creating	 a	 potential	 space	 named	 the	 ‘‘premembranous	 space’’	 by	Wiltse	 et	
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al.12,13	Along	the	medial	and	caudal	pedicle,	the	PM	can	be	separated	from	the	bone	by	 a	 fingernail	 through	 gloves,	 but	 is	more	 securely	 attached	 to	 the	 laminae	 and	undersurfaces	of	the	ligamenta	flava.12			
In	2006,	Loughenbury	et	al.24	provided	a	possible	explanation	for	a	larger	number	of	the	 discrepancies	 in	 these	 accounts.	 Aside	 from	 a	 continuous	 PM,	 the	 authors	observed	an	additional	 ‘‘thin,	 incomplete	 lacy	membrane’’	 in	6	of	18	cadavers	 that	covered	the	posterior	surface	of	 the	superficial	PLL.	This	membrane	did	not	reach	beyond	 the	 lateral	 extensions	 of	 the	 superficial	 PLL.	The	 gross	 appearance	of	 this	‘‘superficial	membrane	of	the	PLL’’	led	the	authors	to	reference	the	observations	of	Frykholm5	 and	 von	 Ludinghausen.11	 Indeed,	 in	 Frykholm’s5	 diagrams,	 it	 can	 be	observed	 that	 the	 ‘‘fascia	of	 the	posterior	 longitudinal	 ligament’’	 extends	 from	 the	posterior	surface	of	the	PLL	and	passes	posterior	to	the	paravertebral	plexuses.	This	fascia	was	also	observed	by	Hogan,31	although	its	exact	attachments	were	unclear	in	cryomicrotome	 sections.	 Hayashi	 et	 al.3	 also	 observed	 two	 connective	 tis-	 sue	membranes,	 one	of	which	was	 tough	 and	 extended	 from	 the	deep	PLL	 to	 join	 the	ALL	at	 the	 intervertebral	 foramen	and	a	 less	 substantial	membrane	 that	extended	from	 the	 superficial	 PLL	 and	 enveloped	 the	 vertebral	 artery,	 nerve	 root,	 and	 the	dura	mater.	Loughenbury	et	al.24	categorically	differentiate	between	the	PM	and	this	additional	 membrane.	 If	 the	 accounts	 of	 this	 membrane	 refer	 not	 to	 the	 PM	 but	instead	 to	 a	 separate	 anatomic	 entity,	 this	 could	 explain	 discrepancies	within	 the	literature	 pertaining	 to	 the	 PM’s	 integrity,	 attachments,	 and	 position	 relative	 to	Batson’s	plexus.		
Physiology	and	Function	Fortunately,	 clinical	 manifestations	 of	 the	 PM	 have	 allowed	 a	 more	 substantial	knowledge	base	in	terms	of	functional	importance.	Although	some	of	this	knowledge	should	still	be	regarded	as	hypothetical,	there	is	more	consensus	about	physiologic	concepts	than	anatomic	or	embryological	concepts.	These	hypotheses	about	the	PM	
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could	 explain	 some	 of	 the	 more	 elusive	 workings	 of	 the	 spinal	 canal,	 such	 as	suboptimal	 anesthetic	 distribution,19,31	 limited	 disc	 extrusion,12–14,32	 vertebral	metastases,30	Dandy’s	 ‘‘concealed	disc’’,33	 limited	vertebral	 infection,12,13	 low	back	pain,15,34	and	pressure	variances	within	the	epidural	cavity.27			The	most	proven	function	of	the	PM	involves	demobilization	of	foreign	material	into	the	epidural	 cavity.	Almost	40	years	 ago,	Frykholm5	mentioned	 that	 in	 cases	with	disc	herniation,	the	connective	tis-	sue	in	the	anterior	spinal	canal	‘‘protects	the	cord	from	local	compression.’’	This	notion	imparts	great	functional	significance	to	the	PM.	This	has	been	well	documented	in	cases	of	intervertebral	disc	herniation,12–14,32,35–41	when	fragments	of	the	nucleus	pulposus	emerge	from	within	the	annulus	fibrosus	in	 a	 posterior	 direction.	 Schellinger14	 highlighted	 that	 fragments	 rarely	 mobilize	beyond	 the	 anterior	 epidural	 space,	 bordered	 posteriorly	 by	 the	 ‘‘lateral	membranes.’’	Because	of	its	relatively	small	width,	the	PLL	could	not	contain	these	fragments	 on	 its	 own.	 Thus,	 the	 PM	would	 play	 a	 vital	 role	 in	 stabilizing	 nuclear	material	and	keeping	it	out	of	the	main	epidural	cavity.	Furthermore,	the	presence	of	 midline	 septae,	 which	 divide	 the	 anterior	 epidural	 space	 into	 two,	 blocks	migration	 from	one	 space	 to	another.	The	 combination	of	 the	PM	and	 the	midline	septae	led	to	Schellinger’s	observation	of	‘‘smoothly	capped’’	fragments,	‘‘with	their...	posterior	surface	convex	dorsally.’’	Wiltse	et	al.12,13	specifically	supported	the	disc	herniation	 theory	 with	 their	 own	 data	 and	 continued	 the	 concept	 of	 epidural	protection	 by	 including	 ‘‘premembranous’’	 hematomas.	 Blood	 accumulating	 along	the	 ventral	 surface	 of	 the	 spinal	 canal	 is	 limited	 posteriorly	 by	 the	 PM,	 an	observation	that	was	corroborated	by	Wiltse’s	colleagues	during	surgical	operations	and	 by	 others.42	 Case	 reports	 have	 associated	 these	 premembranous	 hematomas	with	a	slow-developing	low	back	pain,	sometimes	followed	by	lower	extremity	pain	and	 paresthesia.42,43	 These	 hematomas	 are	 rare,	 however,	 and	 their	 exact	pathogenesis	 is	 still	 uncertain.43	 Notably,	 the	 radiologic	 appearance	 of	 the	premembranous	 hematoma	may	 also	 account	 for	what	Dandy33	 called	 ‘‘concealed	discs,’’	that	is,	those	that	were	seen	on	X-ray	but	could	not	be	found	during	surgical	
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intervention.	Wiltse	et	al.12,13	also	includes	the	limited	migration	of	disc	fragments	after	an	apophyseal	avulsion	fracture,	with	a	similar	mechanism	to	the	extruded	disc	herniation.	 Lastly,	 in	 a	 study	 of	 percutaneous	 vertebroplasty	 (PVP)	 in	 cadavers,	Hostin	et	al.44	observed	the	ability	of	the	PM	to	enclose	extravasated	cement	within	the	 anterior	 epidural	 space.	 Despite	 a	 relatively	 large	 amount	 of	 cement	 injected	into	 the	vertebral	 body,	posterior	 cement	 leakage	did	not	 extend	 further	 than	 the	PM,	success-	fully	sparing	the	epidural	cavity	and	the	enclosed	nervous	tissue.	Ryu	et	 al.45	 studied	 these	 leakages	 in	 159	 patients	 with	 osteoporotic	 vertebral	compression	 fractures.	 Although	 the	 postoperative	 assessment	 showed	 less	resolution	 of	 pain	 for	 patients	 experiencing	 cement	 extravasation,	 follow-up	 pain	reports	at	3	months	found	that	this	difference	had	resolved.	No	patient	experienced	neurologic	symptoms	that	would	suggest	nerve	compression,	and	the	development	of	new	symptoms	at	 follow-up	was	not	 associated	with	 cement	 leakage.	 If	 the	PM	does	 indeed	 limit	 the	posterior	migration	of	 this	 cement,	 it	 could	be	preventing	 a	great	deal	of	serious	complications.			These	more	straightforward	roles	of	the	PM	share	some	similar	mechanisms	with	its	subtle,	complicated	manifestations	related	to	the	protection	of	spinal	contents.	The	separation	 of	 the	 epidural	 cavity	 into	 compartments,	 readily	 identified	 by	epidurography,	 also	 offers	 some	 protection	 from	 the	 spread	 of	 pathologies	 of	 the	spine.12,13	 Furthermore,	 Vital30	 asserts	 that	 the	 PM	 ‘‘represents	 an	 obstacle	 to	tumoral	 spread	 from	 the	 vertebra(s)	 into	 the	 epidural	 space	 guiding	 tumoral	expansion	 in	 clear-cut	 fashion	 toward	 the	 foramens.’’	 Although	we	 could	 not	 find	this	protective	ability	of	the	PM	in	vertebral	bone	cancer	repeated	elsewhere	in	the	literature,	 this	 observation	 seems	 feasible.	 Additionally,	 vertebral	 infections	 can	spread	by	the	ebb	and	flow	of	blood	through	the	basivertebral	veins	and	valveless	venous	 plexuses.12,13,24	 These	 veins	 extend	 posteriorly	 first	 through	 the	 nutrient	foramina	of	each	vertebra	and	then	through	the	PM.	‘‘Infected	material	is	prevented	from	 getting	 into	 the	 epidural	 space	 by	 the	 (PM),’’	writes	Wiltse,12	 explaining	 the	common	observation	that	vertebral	infections	rarely	affect	more	than	one	vertebral	
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segment.			The	 PM	 may	 also	 act	 as	 a	 barrier	 in	 the	 opposite	 direction,	 retaining	 leaked	cerebrospinal	 fluid	 (CSF)	within	 the	 epidural	 cavity.	 Chen	et	 al.23	 studied	 cases	of	spontaneous	intracranial	hypotension	(SIH),	in	which	CSF	leaks	from	the	dura	mater	into	the	epidural	cavity.	This	leads	to	shrunken	dural	sacs	and	expanded	extradural	spaces	 and	 also	 increases	 the	 visibility	 of	 the	 PM	 as	 it	 shifts	 inward.	 Despite	 this	shift,	the	PM	still	walled	off	the	accumulation	of	CSF,	retaining	it	within	the	epidural	cavity.	 If	 the	PM	acts	 as	 a	 barrier	 to	 the	 fluids	within	 the	 spinal	 canal,	 this	would	explain	the	segregation	of	 the	anterior	epidural	space	during	epiduroscopy.14,31	 In	the	dorsal	spinal	canal,	this	separation	phenomenon	has	been	attributed	to	the	plica	mediana	dorsalis	(PMD),	in	which	injected	epiduroscopic	dyes	have	been	restricted	to	 one	 half	 of	 the	 epidural	 cavity.46	 The	 in	 vivo	 anatomy	 of	 the	 PMD	 has	 been	debated,19	mirroring	 the	ambiguity	surrounding	 the	PM.	However,	 the	prospect	of	either	structure	inhibiting	epiduroscopic	results	implies	effects	to	all	utilizations	of	the	epidural	cavity.47,48			Not	 surprisingly,	 the	 attachment	 of	 the	 PM	 to	 numerous	 intraspinal	 ligamentous	structures	 has	 led	 to	 its	 implication	 in	 the	 support	 and	 mobility	 of	 the	 spinal	contents.	In	somewhat	farsighted	fashion,	Frykholm5	mentions	that	the	connection	of	 the	 PM	 with	 the	 ‘‘periradicular	 sheaths’’	 exiting	 the	 intervertebral	 foramina	counteracts	 ‘‘outward	 displacement	 of	 the	 radicular	 nerves’’	 when	 subjected	 to	traction	 forces.	 This	 sentiment	 implies	 a	 definitive	 support	 role	 to	 the	 PM	 as	 a	connection	 between	 the	 PLL	 and	 nerve	 roots.	 As	 mentioned	 previously,	 the	periradicular	 sheaths	 emerging	 from	 the	 foramina	 are	 continuous	 with	 the	periosteum	 enveloping	 the	 external	 vertebral	 bodies,	which	 in	 turn	 is	 continuous	with	 the	 anterior	 longitudinal	 ligament.3,24	 Loughenbury	 writes,	 ‘‘Such	 an	arrangement	would	have	functional	implications	for	both	stability	and	movement.’’	Considering	 its	 longitudinal	 nature,	 the	 PM’s	 possible	 function	 as	 a	 support	structure	for	the	entire	spinal	column	is	clearly	established.			
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Finally,	the	PM	has	been	implicated	in	mechanisms	of	spinal	pain	development.	An	immunocytochemical	study	carried	out	 in	rats	by	Kumar	et	al.15	demonstrated	the	presence	of	sensory	nerve	fibers	and	mast	cells	in	the	PM	and	PLL.	These	elements	in	the	cranium	have	been	previously	implicated	in	neurogenic	inflammation	and	the	progression	 of	 vascular	 head-	 ache.49	 Kumar	 et	 al.15	 focused	 on	 spinal	 dural	 pain	(for	 which	 they	 found	 little	 evidence),	 and	 thus	 their	 conclusions	 about	 the	 PM	producing	vascular	pain	are	 limited.	Heavner	et	al.50	used	epiduroscopy	to	obtain	biopsy	samples	at	the	physical	source	of	low	back	pain	and	radicular	pain	within	the	spinal	canal	and	found	increased	rates	of	inflammation	at	the	exact	site	of	pain.	They	also	observed	significantly	increased	fibrosis	at	the	source	of	spinal	pain.	Kumar	et	al.15	had	restated	the	hypothesis34	that	although	there	could	be	numerous	sources	of	pain	in	the	spinal	canal,	the	PLL	and	PM	could	become	symptomatically	involved	as	adhesions5	or	 iatrogenic	 fibroses51	develop	between	these	structures	and	other	spinal	 contents.	 If	 these	were	 then	subjected	 to	 traction	 forces,	 such	as	 those	 that	exist	during	disc	herniations,	the	PM	could	relay	nociceptive	signals.	More	research	will	elucidate	the	actual	role	that	the	PM	plays	in	low	back	pain	and	the	mechanism	through	which	pathologies	of	the	membrane	elicit	painful	symptoms.	The	first	step	in	 this	 process	 is	 establishing	 a	 precise	 anatomic	 picture	 of	 the	 PM	 and	 of	 its	associated	 innervations	 by	 studying	 human	 cadavers.	 Subsequent	 in	 vivo	 and	 in	vitro	studies	in	animals	and	humans	should	ascertain	whether	pathologies	of	the	PM	can	contribute	to	the	development	of	low	back	pain.		CONCLUSION	Based	on	 the	weight	of	 evidence	presented	 in	 this	 review,	we	 conclude	 that	 a	PM	exists	in	the	spinal	canal	of	humans.	It	has	been	discussed	in	the	literature	for	over	a	century,	yet	many	aspects	of	 the	anatomy,	embryology,	 and	 function	of	 this	 tissue	remain	 undefined.	 The	 exact	 anatomic	 relationship	 between	 the	 PM	 and	 other	structures	 of	 the	 spinal	 canal,	 such	 as	 the	 venous	 plexus,	 vertebral	 bone,	
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longitudinal	 ligaments,	 and	 epidural	 fat,	 remains	 somewhat	 obscured	 by	contradictory	reports.	Also,	the	embryological	origin	of	the	PM	is	largely	unstudied.	The	 PM’s	 most	 documented	 clinical	 manifestation	 involves	 protecting	 spinal	structures	from	extraneous	material,	but	it	may	also	be	involved	in	the	development	of	low	back	pain	and	the	flow	of	neuraxial	medication.	Further	research	will	help	to	define	the	PM	as	a	physiologic	entity	and	may	offer	some	insight	 into	the	 intricate	workings	of	the	epidural	cavity.	
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Chapter	7.		The	peridural	membrane	of	the	human	spine	is	well	innervated	
	Hemmo	A.	Bosscher,	James	E	Heavner,	Irfan	Warraich,	Mitchell	S.	Wachtel,	Petar	Grozdanov,	Janet	Dertien.		The	Peridural	Membrane	of	the	Human	Spine	is	Well	
Innervated.	Anat	Rec	(Hoboken).	2016	Apr;	299(4):484-91.	ABSTRACT	There	is	evidence	that	low	back	pain	may	originate	from	a	peridural	membrane	at	the	inferior	and	medial	aspect	of	neural	foramen	of	the	lumbar	spine.	The	objective	of	this	investigation	was	to	determine	if	this	membrane	contains	neural	elements	suggestive	of	sensory	innervation	with	nociceptive	function.		Spines	of	four	embalmed	and	three	non-embalmed	human	cadavers	were	dissected	using	a	sagital	approach	to	the	neural	foramen.	Seventeen	samples	of	the	peridural	membrane	overlying	the	neural	foramen	were	collected	for	immunohistochemistry	(IHC)	examination	by	light	microscopy	and	transmission	electron	microscopy	(TEM).		Chromagin	tagged	antibodies	to	protein	gene	product	9.5	(PGP9.5)	and	S-100,	and	fluorescent	antibodies	to	substance	P	and	CGRP	were	used	to	label	neural	structures	in	tissue	sections	cut	from	paraffin	embedded	blocks.	This	approach	allows	good	visualization	of	all	neural	elements,	small	sensory	and	nociceptive	nerve	fibers	in	particular.	Neural	elements	were	found	in	all	samples.	Marked	presence	of	small	nerve	fibers	was	observed	in	twelve	of	fifteen	samples.		IHC	and	TEM	evaluation	revealed	myelinated	as	well	as	unmyelinated	fibers	in	the	peridural	membrane.	CGRP	and	substance	P	immunoreactive	fibers	indicative	of	nociceptive	function	were	abundant.					These	findings	confirm	and	expand	evidence	that	the	peridural	membrane	in	human	is	well	innervated	and	contains	sensory	nociceptive	nerve	fibers	suggestive	of	a	nociceptive	function	of	the	membrane.		
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INTRODUCTION	The	peridural	membrane	[PDM]	is	a	thin	structure	between	the	dura	mater	and	vertebrae.	It	emerges	from	under	the	posterior	longitudinal	ligament,	envelopes	the	dura	and	extends	into	the	intervertebral	foramen	(Bosscher,	2014).	Histological	examination	of	the	peridural	membrane	has	shown	presence	of	nerve	fibers	and	nerve	endings	(Luschka,	1850;	Hovelaque,	1925;	Bridge,	1959;	Kumar	et	al.,	1997).	Low	back	pain	may	originate	from	this	membrane	at	the	inferior	and	medial	aspect	of	neuroforamen	of	the	lumbar	spine.	(Heavner	et	al.,	1991;	Bosscher	and	Heavner,	2012).		The	membrane	has	been	described	in	detail	by	anatomist	of	the	19th	and	20th	century	(Luschka,	1850;	Hovelaque,	1925;	Frykholm,	1951)	and	more	recently	by	several	other	investigators	(Ansari	et	al.,	2012;	Wiltse	et	al.,	1993;	Loughbury	et	al.,	2006;	Breit	et	al.,	2013).	In	comparative	biology	the	peridural	membrane	is	referred	to	as	the	endorachis	(Wiedersheim,	1907;	Kappers,	1926).	The	embryology	of	the	peridural	membrane	is	not	known	but	the	membrane	is	best	understood	as	a	perichondrium	derivative	(Ansari	et	al.,	2012;	Newell,	1999).	In	the	spine,	formation	of	venous	channels	separates	the	peridural	membrane	from	dura	mater	to	form	the	epidural	cavity	and	the	epidural	venous	plexus	with	which	the	membrane	is	closely	associated	(Ansari	et	al.,	2012;	Newell,	1999).	The	membrane	has	been	shown	to	protect	the	contents	of	the	bony	vertebral	canal	from	intrusion	of	foreign	material		(Ansari	et	al.,	2012).	The	objective	of	the	investigation	presented	here	was	to	determine	if	the	peridural	membrane	of	the	human	spine	contains	sensory	nerve	fibers,	supporting	the	thesis	that	the	membrane	might	be	a	source	of	pain.	PGP9	and	S100	antibodies	were	used	to	locate	neuronal	tissue	(Wilson	et	al.,1988;	Kent	and	Clarke,	1991),	particularly	small	nerve	fibers.		Antibodies	to	calcitonin	gene	related	peptide	[CGRP]	and	substance	P	were	used	to	localize	fibers	that	might	be	involved	in	nociception	(Polak	and	Bloom,	1981).	In	addition	to	immunohistochemical	[IHC]	methods,	transmission	
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electron	microscopy	was	used	to	search	for	small	myelinated	nerve	fibers	or	non-myelinated	fibers.	(Murinson	et	al.,	2004;	Faroni	et	al.,	2014).		METHODS	Four	embalmed	and	three	unembalmed	human	cadavers	were	used	for	this	investigation.	The	thoraco-lumbar	spine	between	the	vertebral	body	of	T1	and	the	sacrum	was	removed	en-block	and	divided	in	a	sagital	plane	at	the	midline.	Multiple	segments	of	the	spine	on	both	sides	were	evaluated	and	samples	of	the	peridural	membrane	obtained	for	microscopic	evaluation.	The	membrane	was	exposed	and	samples	obtained	by	dissection	using	a	dissecting	microscope	(Figure	1).			
	
Figure	1	Gross	anatomical	dissection.				
A.		Peridural	membrane	in	the	neuroforamen.	Embalmed	cadaver.		Sagital	view	of	the	medial	wall	and	
neuroforamen	of	the	lumbar	spine.		Right	is	cephalad,	left	is	caudal,	top	is	posterior	and	bottom	is	
anterior.		Da	–	dura,	disc	–	intervertebral	disc,	drg	–	dorsal	root	ganglion,		ped	–	pedicle,	pll	–	posterior	
longitudinal	ligament.		The	peridural	membrane	forms	a	funnel	shaped	cuff	around	the	dorsal	root	
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(black	arrows).		A	suprapedicular	compartment	is	formed	lateral	to	the	peridural	membrane	in	the	
inferior	neuroforamen	(white	arrows).		
B.		Peridural	membrane	covering	the	lamina	and	pedicle.		Unembalmed	cadaver.		View	of	the	dorsal	and	
lateral	wall	of	the	lumbar	spinal	canal	at	L2-L4.		Right	is	cephalad.		Left	is	caudal.		Top	is	dorsal.	Bottom	
is	ventral.		Lam	–	lamina.		Peridural	membrane		(star).	
C.		Peridural	membrane	covering	the	medial	wall	of	the	pedicle.		Embalmed	cadaver.		Coronal	view	of	
the	dorsal	wall	of	the	lumbar	spinal	canal	at	L2-L4.		Left	is	caudal.	Right	is	cephalad.		Top	is	lateral	and	
bottom	is	medial.		Da	–	dura	mater,	lf	–	ligamentum	flavum,	ped	–	pedicle.	Center	-	peridural	membrane	
(black	arrows).		Fibrous	connection	between	dura	and	peridural	membrane	(white	arrow).	 	
D.			Peridural	membrane	in	the	anterior	epidural	space	and	covering	the	pedicle.	Embalmed	cadaver.		
Coronal/sagital		view	of	the	lumbar	spinal	canal	at	L2-L4.		Left	is	caudal.	Right	is	cephalad.		Top	is	
lateral	and	bottom	is	medial.	Bp	–	Batson’s	plexus,	da	–	dura,	ped	–	pedicle,	pll	–	posterior	longitudinal	
ligament.	Peridural	membrane	in	the	center	(black	arrows).	
E.	Peridural	membrane	in	the	posterior	spinal	canal	extending	laterally	into	the	posterior	
neuroforamen.	Embalmed	cadaver.	View	of	the	posterior	wall	of	the	spinal	canal	and	neuroforamen	at	
L2-4.	Right	is	cephalad,	left	is	caudal,	top	is	medial	and	bottom	is	lateral.	Drg	–	dorsal	root	ganglion,		
ped	–	pedicle.		The	peridural	membrane	covers	but	is	not	attached	to	the	posterior	wall	of	the	
neuroforamen	and	continues	posterior	and	cephalad	to	the	dorsal	root	ganglion	(white	arrows).		
Operculum	of	Forestier	(black	arrows).		
F.		Peridural	membrane	in	the	anterior	spinal	canal	extending	laterally	into	the	anterior	neuroforamen.	
Embalmed	cadaver.	View	of	the	anterior	wall	of	the	spinal	canal	and	neuroforamen	at	L2-4.	Right	is	
cephalad.		Left	is	caudal.	Top	is	lateral.	Bottom	is	medial.	Drg	–	dorsal	root	ganglion,	ped	–	pedicle,	pll	–	
posterior	lateral	ligament.		The	peridural	membranes	covers,	but	is	not	attached	to,	the	anterior	wall	of	
the	neuroforamen	and	continues	anterior,	cephalad	and	lateral	to	the	dorsal	root	ganglion	(black	
arrows).		Operculum	of	Forestier	adjacent	to	the	DRG	(white	arrow).		Adipose	tissue	filling	the	space	
between	the	DRG	and	the	PDM	(star).		Starting	from	the	midline,	the	dura	and	arachnoid	were	detached	from	the	posterior	longitudinal	ligament	and	posterior	wall	of	the	spinal	canal.	The	ligaments	of	Hoffmann	and	Trolard	were	cut.		The	nerve	root	sleeve	and	nerve	roots	were	cut.	In	this	manner	the	dura,	arachnoid	and	the	intradural	nerve	roots	or	spinal	cord	could	be	removed	over	the	length	of	the	spinal	canal.	Epidural	fat	tissue	was	removed	to	
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allow	direct	observation	of	the	peridural	membrane	at	the	anterolateral,	lateral	and	posterior	aspect	of	the	spinal	canal.	Samples	of	the	peridural	membrane	were	then	taken	and	placed	in	buffered	formaldehyde.	The	peridural	membrane	overlying	the	cephalad	aspect	of	the	pedicle	and	covering	the	inferior	internal	orifice	of	the	neuroforamen	was	primarily	selected.	However	sections	of	the	peridural	membrane	located	more	cephalad	and	dorso-lateral	in	the	neuroforamen	were	obtained	from	some	of	the	specimen.		The	locations	where	the	different	samples	of	peridural	membrane	were	collected	are	given	in	Table	1.			
Sample Embalmed Level 
Location 
(neuroforamen) Small fibers Nerve bundles Inflammation 
1 + L2-3 Cephalad posterior Marked + + 
2 + L4-5 Lateral Marked - - 
3 + L3-4 Cephalad posterior Marked + + 
4 + L3-4 Caudal Marked + + 
5 + L4-5 Caudal Marked + + 
6 + L2-3 Caudal Marked + + 
7 - L3-4 Caudal Marked + - 
8 - L2-3 Caudal Marked + + 
9 - T3-4 Caudal Marked - - 
10 - T5-6 Caudal  Mild + + 
11 - L1-2 Caudal lateral Marked + - 
12 - L2-3 Posterior lateral Marked - - 
13 - L3-4 Caudal Moderate + + 
14 - L4-5 Inferior lateral Moderate + + 
15 - L4-5 Posterior lateral Marked + + 
16 - L1-2 Posterior lateral Marked + + 
17 - L4-5 Lateral Marked + + 	
Table	1.		Presence	of	PGP9.5	positive	nerve	fibers	and	bundles	plus	inflammation	in	peridural	
membrane	obtained	from	the	spinal	neuroforamen	in	human.			Peridural	membrane	samples	were	embedded	in	paraffin,	sectioned	(6	micron	thick)	and	subsequently	processed	by	a	commercial	laboratory	(Quest	Diagnostics)	for	IHC	detection	of	PGP9.5.	
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Two	pathologists	evaluated	the	peridural	membrane	samples	independently	and	results	were	reviewed	with	the	authors.	Samples	were	considered	positive	if	small	nerve	fibers	stained	for	PGP9.5	were	present.	Innervation	was	rated	using	the	following	scale	–	mild	or	slightly	positive	if	only	few	PGP9.5	positive	structures	per	HPF	(200X)	were	present,	moderate	if	multiple	positive	small	nerve	fibers	were	observed	throughout	the	sample	and	marked	if	there	was	an	abundance	(too	numerous	to	count)	of	positive	small	nerve	fibers	noted.	Presence	of	nerve	bundles	and	inflammatory	cells	was	recorded.		Immunofluorescence	techniques,	using	polyclonal	(CGRP:	AlexaFluor	488	donkey	anti	rabbit	IgG)	and	monoclonal	antibodies	(substance	P	AlexaFluor	488	donkey	anti	goat	IgG)	were	used	to	investigate	presence	of	CGRP	and	SP	in	nerve	fibers	in	the	samples	of	the	peridural	membrane	at	L1-2,	L2-3	and	L3-4	(Table	1:	Samples	1,	14,	16;	FDNeurotech).	Images	were	taken	on	an	A1	confocal	Nikon	microscope.	Images	were	sequentially	collected	in	all	three	channels	pre-set	on	the	microspore	corresponding	to	4',6-diamidino-2-phenylindole	(DAPI),	fluorescein	(FITC),	and	tetramethylrhodamine	(TRICT).	Z-stack	sections	were	collected	with	a	step	of	0.2	µm	and	maximum	intensity	images	were	created	from	these	z-stacks	using	the	NIS-elements	software.				Samples	were	evaluated	by	two	of	the	authors	and	considered	positive	if	presence	of	labeled	antibodies	to	substance	P	and	CGRP	in	nerve	fibers	could	be	demonstrated.	Microscopic	evaluation	of	the	peridural	membrane,	using	H-E	stain	and	antibodies	to	S-100,	were	performed	in	samples	16	and	17.	Two	sections	of	the	peridural	membrane	were	obtained	from	the	dorso-lateral	aspect	of	the	spinal	canal	at	the	inferior	aspect	of	the	neuroforamen	of	L2-L3	and	L3-4,	placed	in	buffered	glutaraldehyde	and	evaluated	by	transmission	electron	microscopy.	Images	were	evaluated	for	presence	of	nerve	fibers	and	for	the	type	of	nerve	fibers	(size,	myelinated	or	unmyelinated,	organization)	found	in	the	peridural	membrane.			
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RESULTS	
PGP9.5	Seventeen	samples	were	evaluated	for	the	presence	of	PGP9.5	(Table	1).		PGP9.5	positive	nerve	fibers	were	present	in	all	samples	(Figure	2).		
	
Figure	2.		Light	microscopy	showing	PGP9.5	(brown)	immune	reactivity	
	A).	Perpendicular	cut	section	of	the	peridural	membrane	obtained	from	the	dorsolateral	wall	of	the	
spinal	canal	at	the	inferior	and	inner	aspect	of	the	neuroforamen	of	the	spinal	canal	at	the	level	of	L3	
and	4.	(Magnification	50X).	Gross	distribution	of	PGP	positive	tissue	in	the	membrane.	
B).		Higher	magnification	of	sample	A.	(100X).	Shows	PGP	positive	nerve	fibers,	fibrous	and	adipose	
tissue.	
C).		Section	of	sample	as	2A.	(100X).	As	figure	B.	Notice	abundance	of	PGP	positive	nerve	fibers.	
D).		Section	of	sample	as	2A.	(200X).	Shows	individual	PPGP9.5	positive	nerve	fibers	within	the	
membrane.		
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Sixteen	of	17	samples	showed	multiple	myelinated	and	unmyelinated	fibers	per	HPF	(x200).	Fourteen	samples	showed	an	abundance	of	fibers.	Most	samples	were	obtained	from	the	suprapedicular	area	of	the	vertebral	bodies	of	the	thoraco-lumbar	spine.		Some	samples	of	the	peridural	membrane	were	obtained	from	the	cephalad	and	dorso-lateral	aspect	of	the	neuroforamen.	No	difference	was	noted	with	respect	to	the	distribution	of	nerve	fibers	and	nerve	bundles	in	the	different	areas	sampled.	Nerve	bundles	in	the	peridural	membrane	were	seen	in	all	but	three	samples		(Figure	3).		
	
Figure	3.		Light	microscopy	
A).		Haematoxyline	&	eosin	stain	of	peridural	membrane,	at	L3	and	4.	Arrows	indicate	a	large	nerve	
bundle.	(Magnification	400X).	
B).		S-100	immune	reactivity	[brown]	of	peridural	membrane	at	level	of	L3	and	4.	(100X).				Nerve	fibers	observed	in	the	substance	of	the	peridural	membrane	generally	were	
not	associated	with	a	blood	vessel	(Figure	2).	No	obvious	differences	were	noted	between	peridural	membrane	obtained	from	embalmed	and	non-embalmed	cadavers.					
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CGRP	and	Substance	P		Immune	reactivity	with	antibodies	to	CGRP	and	Substance	P	was	shown	in	nerve	fibers	in	sections	of	the	PDM	taken	from	embalmed	and	non-embalmed	cadavers	(Figure	4	and	5).		
	
Figure	4.	Confocal	microscopic	images	showing	substance	P	staining	of	the	peridural	membrane.	
White	bar	–	50	µm.					
A	and	E).	4',	6-diamidino-2-phenylindole	(DAPI)	staining	of	the	nuclei;	shows	the	morphology	of	the	
sample.			
B	and	F).	Green	channel	corresponding	to	fluorescein	(FITC).		Substance	P	positive	fibers	are	bright.	
C	and	G).	tissue	auto-florescence	collected	in	the	red	channel	corresponding	to	tetramethylrhodamine	
(TRICT).		
D	and	H).	merged	DAPI	and	substance	P	staining;	Substance	P	positive	fibers	show	green.				
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Figure	5.	Confocal	microscopic	images	showing	CGRP	staining	of	the	peridural	membrane.			
A).	Auto-fluorescence	in	the	DAPI	channel;	shows	the	morphology	of	the	sample.				
B).	Green	channel	corresponding	to	fluorescein	(FITC);	CGRP	positive	fibers	are	bright.			
C).	Tissue	auto-florescence	collected	in	the	red	channel	corresponding	to	tetramethylrhodamine	(TRICT).		
D).		Merged	DAPI	channel	and	CGRP	staining.	CGRP	positive	fibers	show	green.		White	bar	–	50	µm.		
General	morphology	of	PDM	samples	Histological	evaluation	of	the	PDM	showed	loose	and	dense	connective	tissue,	fat	tissue,	arterial	and	venous	blood	vessels	and	lymphatics	(Figures	2,	3	and	6).		Inflammatory	cells	such	as	histiocytes	and	lymphocytes	were	present	in	most	samples	(Figure	6A	and	B).	Nerve	bundles	in	the	peridural	membrane	were	demonstrated	in	all	but	three	samples	and	were	identified	using	morphological	characteristics	(Figure	3A),	immune	reactivity	to	S-100	(Figure	3B)	and	PGP9.5	(Figure	2).	By	subjective	measure,	there	was	an	inverse	relationship	between	density	of	nerve	fibers	and	density	of	inflammatory	cells.			
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Figure	6.		Light	microscopy	
A).		PGP9.5	[brown]	reactivity	in	a	section	of	the	peridural	membrane.	Chronic	inflammation	of	the	
peridural	membrane.		A	cluster	of	lymphocytes	and	histiocytes	can	be	seen	(white	arrow).	Isolated	
histiocytes	are	seen	[e.g.	black	arrow.		Sample	obtained	from	the	inferior	and	inner	aspect	of	the	
neuroforamen	L3	and	4.	(Magnification	100X).			
B).	Extensive	distribution	of	lymphocytes	and	histiocytes	is	present	throughout	this	section	of	the	
membrane.		No	immune	reactivity	to	PGP9.5	[brown]	is	present	in	areas	of	inflammation	(“Crowding	
out”).		Sample	obtained	from	the	dorsolateral	wall	of	the	spinal	canal	at	the	inferior	and	inner	aspect	of	
the	neuroforamen	at	L3	and	4.	(50X).			
C).	A	vessel	identified	as	a	vein	or	venous	sinus	(white	arrow)	and	a	vessel	with	characteristics	of	a	
lymphatic	(black	arrow).	Haematoxyline	&	Eosin	stain.	(100X).	
D).	A	cluster	of	vessels	with	characteristics	of	lymph	vessels.	Notice	the	close	association	with	PGPG9.5	
positive	fibers	[brown].	Sample	of	the	peridural	membrane	obtained	from	the	dorsolateral	wall	of	the	
spinal	canal	at	the	inferior	and	inner	aspect	of	the	neuroforamen	L3	and	4.	(50X).			
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Transmission	electron	microscopy	Ultra-high	resolution	microscopy	(EM)	of	the	peridural	membrane	showed	presence	of	myelinated	nerve	fibers	unmyelinated	nerve	fibers	with	variable	diameter	(Figure	7).		Presence	of	unmyelinated	axons	appearing	as	a	Remak	bundle	was	demonstrated	in	several	nerves	obtained	from	PDM	tissue	(Figure	7B	and	C).		
	
Figure	7.		Transmission	electron	microscopy	
A).		Nerve	bundle	containing	a	myelinated	axon	and	multiple	unmyelinated	axon	grouped	in	Remak	
bundles	in	peridural	membrane	obtained	from	the	inferior	and	inner	aspect	of	the	neuroforamen	of	L3-4.		
B).	Myelinated	axon	(star)	and	unmyelinated	axons	in	Remak	bundles	(white	arrows)	in	peridural	
membrane	obtained	from	the	inferior	and	inner	aspect	of	the	neuroforamen	of	L3-4.		
C).	Nerve	bundle	in	peridural	membrane	obtained	from	the	inner	and	inferior	aspect	of	the	
neuroforamen	of	L2-3.	Several	axon	configurations,	which	appear	as	Remak	bundles,	can	be	identified	
(stars).	
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DISCUSSION	The	most	important	finding	of	this	investigation	is	the	presence	of	small	PGP	9.5	positive	nerve	fibers	with	nociceptive	function	based	on	CGRP	and	substance	P	IHC	results	(Wall	and	Melzac,	2013;	Polak	and	Bloom,	1981).	This	suggests	a	nociceptive	function	of	the	peridural	membrane	of	the	human	spine.			Few	studies	are	available	on	the	innervation	of	the	peridural	membrane.		Luschka,	Hovalaque	and	Bridge	described	autonomic	and	somatic	nerve	fibers	in	the	membrane	(Luschka	1850;	Hovelaque	1925;	Bridge	1995).	Kumar	et	al	demonstrated	immune	reactivity	to	CGRP	and	SP	of	nerve	fibers	in	the	peridural	membrane	of	the	rat	(Kumar	et	al.,	1996).		However,	there	is	indirect	support	for	presence	of	nociceptive	nerve	fibers	in	the	peridural	membrane	from	earlier	studies	into	the	innervation	of	the	spine.	Nerve	fibers,	sensory	and	nociceptive,	have	been	demonstrated	in	the	outer	layers	of	the	intervertebral	disc,	ligamentum	flavum,	dura	and	posterior	longitudinal	ligament	(Bridge	1959;	Bucknill	2002;	Groen	et	al.,	1990;	Kimmel,	1961;	Malinsky,	1959;	Roofe	1940;	Stilwell	1956).		Since	a	peridural	membrane	is	not	mentioned	explicitly	in	any	of	these	investigations,	it	is	conceivable	that	some	nerve	fibers	identified	in	these	layers	were	actually	part	of	the	peridural	membranous	cover	of	these	structures.		Nerve	bundles	can	be	demonstrated	throughout	the	peridural	membrane	using	morphological	characteristics	of	nerve	tissue	with	HE	stain	or	using	labeled	antibodies	to	S-100	protein.	Axons	in	apparent	Remak	configuration,	demonstrated	with	electron	microscopy,	suggests	that	these	nerve	bundles	contain	C-fibers	(Murinson	et	al.,	2004;	Faroni	et	al.,	2014).		Density	of	small	PGP9.5	positive	nerve	fibers	in	the	PDM	was	variable	in	samples	taken	from	different	cadavers,	among	different	vertebral	levels,	and	over	the	length	of	the	peridural	membrane	at	one	vertebral	level.		Presence	of	nerve	fibers	and	positive	staining	may	depend	on	the	physiological	activity	of	the	membrane.	Indeed,	some	samples	showed	an	abundance	of	histiocytes,	lymphocytes	and	possibly	mast	cells,	indicative	of	a	
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chronic	inflammatory	process	(Figure	6A	and	B).	The	number	of	nerve	fibers	may	vary	depending	on	the	stage	and	intensity	of	chronic	inflammation.	The	presence	of	a	noxic	stimulus	(i.e.	through	the	release	of	inflammatory	mediators	from	a	degenerated	intervertebral	disc)	stimulates	the	growth	of	capillaries	and	nerve	fibers	into	the	area	of	inflammation	(Ghilardi	et	al.,	2012).	An	inflammatory	process	may	also	decrease	density	of	nerve	fibers	as	a	result	of	crowding	by	inflammatory	cells	or	by	chemical	alteration	of	epitope	structure	and	diminishing	antibody	detection	(Hukkanen	et	al.,	1992)(Figure	6B).	
Limitations	This	investigation	is	limited	to	anatomical	examination	that	leads	to	deduction	of	function.	This	is	offset	by	clinical	observation	regarding	function	(see	below)	as	well	as	substantial	literature	linking	our	anatomical	observations	to	function.	
	
SUMMARY	The	peridural	membrane	in	the	inferior	aspect	of	the	lumbar	and	thoracic	spine	in	human	cadavers	was	examined	by	light	microscopy,	immunohistochemistry	and	electron	microscopy.	All	but	one	of	the	samples	contained	a	moderate	or	marked	number	of	PGP9.5	positive	fibers	indicating	that	the	peridural	membrane	is	a	well-innervated	structure.		Presence	of	CGRP	and	SP	positive	nerve	fibers	and	demonstration	of	small	unmyelinated	nerve	fibers	using	electron	microscopy,	suggests	that	these	fibers	have	nociceptive	function.		This	is	consistent	with	epiduroscopy	findings	(Bosscher	and	Heavner,	2013)	as	well	as	pain	relief	obtained	by	percutaneous	ablation	and	curettage	of	the	interverbral	foramen	[PACIF]	in	humans	with	chronic	low	back	pain	(Bosscher	and	Heavner,	2014).					
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8.			General	discussion	and	suggestions	for	future	research	
	In	chapter	one	the	following	research	questions	were	posed:	
	
1. Is	information	obtained	by	epiduroscopy	of	value	in	the	evaluation	of	epidural	
pathology	in	patients	with	low	back	pain?	
2. How	 does	 epiduroscopy	 compare	 to	 conventional	 diagnostic	 methods	 in	 the	
evaluation	of	epidural	pathology?	
3. Is	the	peridural	membrane	of	the	spine	a	potential	source	of	low	back	pain?		In	this	chapter	results	of	the	research	presented	in	this	thesis	will	be	discussed.		At	the	 center	 of	 this	 investigation	 is	 the	 method	 of	 epiduroscopy.	 Epiduroscopy	 is	relatively	new,	generally	difficult	to	perform	and	largely	unexplored.	 	A	systematic	approach	 to	 epiduroscopy,	 in	 which	 information	 obtained	 through	 epiduroscopy	was	correlated	with	known	clinical	and	basic	scientific	facts,	has	markedly	improved	the	 ability	 to	 reliably	 evaluate	 the	 spinal	 canal	 and	 its	 contents.	 Using	 this	 newly	acquired	knowledge,	 it	has	become	clear	 that	observations	do	not	always	 support	conventional	 theory	of	 the	pathogenesis	of	 low	back	pain.	 In	 fact,	 several	 findings	have	 not	 been	 described	 at	 all.	 	 To	 express	 results	 of	 innovative	 research	 in	conventional	 terms	 is	difficult	and	not	always	possible.	Use	of	 terms	as	defined	 in	the	introduction	may	help	avoid	some	of	the	confusion.		Of	course,	caution	should	be	taken	with	conclusions	presented	in	this	thesis	because	large	controlled	studies	or	replicative	 studies	 by	 other	 investigators	 have	 not	 been	 done.	 	 However,	 even	though	rigorous	scientific	support	is	lacking	at	this	time,	results	of	this	research	may	open	 up	 pathways	 to	 a	 better	 understanding	 of	 the	 pathophysiology	 and	 hence	treatment	of	back	pain.				
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8.1.	 Epiduroscopy	 is	 of	 value	 in	 the	 evaluation	 and	 treatment	 of	 patients	
with	low	back	pain!	The	 results	 in	 chapters	 two,	 three	 and	 four	 indicate	 that	 epiduroscopy	may	 be	 a	valuable	clinical	and	research	tool	in	the	evaluation	of	patients	with	low	back	pain.				
8.1.1.	 	 	Use	of	 epiduroscopy	 to	obtain	 cell	 or	 tissue	 samples	 from	 the	 epidural	
space 
		The	 investigation	 in	 chapter	 two	 demonstrates	 that	 cell	 samples	 can	 be	 obtained	from	specific	areas	in	the	epidural	space	using	the	epiduroscope.	A	cytology	brush,	placed	 through	 the	working	channel	of	 the	epiduroscope,	was	used	 to	obtain	cells	from	areas	within	 the	epidural	 space	where	 changes	 in	 tissue	appearance	 such	as	hyperemia,	increased	vascularity	and	fibrosis	suggested	pathology	and	from	regions	where	 pain	 could	 be	 reproduces	 when	 tissues	 were	 touched	 with	 the	 tip	 of	 the	epiduroscope.			A	tissue	brush	is	less	traumatic	than	a	tissue	biopsy	and	can	be	used	to	investigate	cell	types	in	regions	of	the	epidural	space	close	to	a	nerve	root	or	the	dorsal	 root	 ganglion	 or	 in	 a	 highly	 vascular	 region.	 In	 the	 scientific	 literature,	 no	studies	 are	 available	 that	 describe	 the	 use	 of	 epiduroscopy	 for	 the	 use	 of	 cell	sampling.	Taking	 biopsies	 from	 often	 poorly	 visualized	 epidural	 structures	 is	 prone	 to	complications.	However,	biopsies	may	reveal	valuable	 information	with	 respect	 to	the	 histopathology	 of	 tissues	 in	 the	 epidural	 space.	 	 Several	 investigators	 have	reported	 on	 tissue	 sampling	 using	 epiduroscopy.	 Schutze	 et	 al	 took	biopsies	 from	tissues	 in	 the	epidural	space	 in	600	patients	using	a	 long	 flexible	grasping	 forceps	through	the	working	channel	of	the	epiduroscope.	Tissue	samples	were	taken	from	the	epidural	 space	of	 the	entire	 spinal	 canal.	The	authors	acknowledged	risks	and	limitations	of	epiduroscopy	when	sampling	poorly	visualized	tissues[1].	 	Pareira	et	al	 reported	 on	 microscopic	 evaluation	 of	 tissue	 samples	 obtained	 through	epiduroscopy	 performed	 in	 patients	 diagnosed	 with	 epidural	 fibrosis[2].	 These	
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investigators	 also	 used	 a	 grasping	 forceps	 to	 obtain	 tissue	 samples	 and	 a	 Fogarty	catheter	to	generate	a	pain	response.		Neither	investigator	reported	complications.		Cytology	 findings	 of	 samples	 obtained	 through	 epiduroscopy	 in	 this	 investigation	showed	presence	of	a	variety	of	cells,	including	blood	cells,	fat	cells,	large	round	cells	and	spindle	cells.		The	significance	of	the	presence	of	these	cells	in	areas	of	epidural	pathology	is	not	known.	Noted	is	the	relative	scarcity	of	cells	of	inflammation	such	as	histiocytes,	granulocytes	or	lymphocytes	in	cell	samples	obtained	from	regions	in	the	epidural	space	where	hyperemia,	hyper-vascularisation	and	fibrosis	suggest	the	presence	of	inflammation.	Schutze	et	al	noted	vascular	sprouting,	fibrosis,	epiduritis,	radiculatitis	 and	 arachnoiditits	 but	 specific	 information	 with	 respect	 to	 the	histological	diagnoses	of	these	conditions	is	lacking	in	their	report	[1].		Pareira	et	al	analyzed	biopsies	taken	from	painful	epidural	scar	tissue	in	patients	with	FBSS	and	noted	presence	of	fibrosis	and	absence	of	neural	tissue	in	the	samples	[2]	.		Thus,	epiduroscopy	can	be	used	to	obtain	cells	and	tissue	samples	form	the	epidural	space,	but	at	 this	 time	 insufficient	knowledge	of	cytopathology	and	morphology	of	epidural	 pathology,	 as	 observed	 through	 epiduroscopy,	 limits	 the	 usefulness	 of	these	 techniques	 in	 clinical	 practice.	 Absence	 of	 clusters	 of	 inflammatory	 cells,	 in	many	 samples	 taken	 from	 the	 epidural	 space	 in	 patients	with	 back	pain,	 suggests	that	 terms	describing	 inflammation	 such	 as	 radiculitis,	 epiduritis	 or	 arachnoiditis,	need	further	definition.		
8.1.2.	 	 Evaluation	of	 the	 incidence	and	 severity	 of	 epidural	 fibrosis	 after	 back	
surgery	using	epiduroscopy		In	 chapter	 three	 it	 is	 shown	 that	 sensitivity	and	 specificity	of	 epiduroscopy	 in	 the	evaluation	of	some	epidural	pathologies	may	exceed	those	of	conventional	imaging	methods	such	as	MRI	or	epidurography	[3].	 	Failed	back	surgery	syndrome	(FBSS)	refers	 to	a	non-specific	 symptom	complex	 in	patients	with	new	or	persistent	pain	after	 spinal	surgery.	 	 FBSS	 is	multi-causal,	 but	 scar	 formation	 or	 epidural	 fibrosis	
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after	 back	 surgery	 is	 though	 to	 play	 an	 important	 role	 in	 failure	 of	 open	 surgical	intervention	to	relieve	pain[4,	5].		Reported	incidence	of	fibrosis	after	back	surgery	varies.	MRI	may	detect	epidural	fibrosis	in	22	%	of	patients	[6].	In	a	careful	analysis	Ross	et	al	 concluded	 that	epidural	 scarring	occurs	most	 frequently	 in	 the	anterior	epidural	space.		These	results	conflict	markedly	with	the	incidence	of	90%	epidural	fibrosis,	mostly	posterior,	presented	in	this	investigation.	This	difference	may	be	in	part	explained	by	the	observation	that	MRI	detects	scar	tissue	with	a	certain	mass	or	volume,	 while	 epiduroscopy	 also	 detects	 planar	 fibrotic	 adhesions	 of	 dura	 to	 the	wall	 of	 the	 spinal	 canal.	 	 Another	 technique	 to	 detect	 epidural	 scar	 tissue	 is	epidurography.	 Imaging	of	 spread	of	 radiopaque	 contrast	material	 in	 the	 epidural	space	diagnoses	epidural	 fibrosis	at	approximately	the	same	rate	as	epiduroscopy,	but	 specificity	 of	 epidurography	 is	 low,	 making	 results	 unreliable	 [7].	 	 In	 this	investigation,	 epiduroscopic	 diagnosis	 of	 epidural	 scarring	 was	 made	 by	interpretation	 of	 images	 and	 resistance	 to	 scope	 advancement.	 Biopsies	were	 not	performed.	Therefore	accuracy	of	a	diagnosis	of	epidural	fibrosis	with	epiduroscopy	may	 be	 questioned.	 However,	 as	 observed	 by	 others,	when	 images	 of	 the	 normal	epidural	space	are	compared	to	the	epidural	space	with	fibrosis,	the	latter	has	a	very	characteristic	 appearance	 [8].	 	 Pereira	 et	 al	 used	 epiduroscopy	 to	 obtain	 tissue	samples	 of	 epidural	 scar	 tissue	 as	 diagnosed	 by	MRI	 for	 histological	 analysis	 and	confirmed	 presence	 of	 fibrous	 tissue	 [2].	 Unfortunately,	 in	 their	 report,	epiduroscopic	images	of	epidural	scar	tissue	are	not	provided.	In	this	investigation,	epiduroscopy	 is	 used	 to	 give	 a	 quantitative	 analysis	 of	 the	 severity	 of	 epidural	fibrosis.	 This	 indicates	 that	 epiduroscopy	 is	 a	 powerful	 tool	 in	 the	 evaluation	 of	certain	pathologies	of	the	spine,	such	as	epidural	fibrosis	in	patients	diagnosed	with	FBSS.		
	
8.1.3.				Epiduroscopy	findings	predict	outcome	of	treatment!	In	 chapter	 four	 it	 is	 shown	 that	 a	 diagnostic	 algorithm,	 based	 on	 the	 presence	 of	certain	diagnostic	markers	as	observed	through	epiduroscopy,	predicts	outcome	of	
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treatment	of	back	pain	accurately.	This	suggests	that	information	obtained	through	epiduroscopy	carries	significant	diagnostic	and	prognostic	value.		Presence	of	these	diagnostic	markers	 is	 based	on	 a	 set	 of	measurable	 and	 reproducible	parameters,	obtained	through	direct	visual	observation	of	the	epidural	cavity	and	the	response	to	certain	mechanical	maneuvers	performed	with	epiduroscopy.	 	 It	was	found	that	the	 predictive	 value	 of	 the	 visual	 diagnostic	 markers	 (increased	 vascularity,	hyperemia	and	fibrosis)	is	of	moderate	significance.		These	results	do	not	agree	with	the	 studies	 by	 Richardson,	 Geurts,	 Igarashi	 and	 other	 investigators	 [9-13].	 In	 the	investigation	presented	in	chapter	four,	abnormal	appearing	tissue	was	observed	in	the	lateral	recesses	of	the	spinal	canal	at	the	level	of	the	inferior	compartment	of	the	neural	foramen,	not	at	the	level	of	the	superior	compartment	of	the	neural	foramen	where	the	nerve	root	sleeve	or	dorsal	root	ganglion	are	found.	 	The	significance	of	severe	fibrosis	or	adhesions	in	the	epidural	space	is	in	agreement	with	findings	by	others	[7,	8],	but	presence	of	mild	fibrosis	or	presence	of	singular	adhesions	was	of	little	importance	in	the	investigations	presented	in	this	thesis	[9-13].	Differences	in	reported	observations	may	be	explained	by	presence	of	different	pathology	due	to	patient	 selection	 (i.e.	 patients	with	 specific	 versus	 non-specific	 low	back	 pain)	 or,	more	likely,	by	variations	in	the	interpretation	of	endoscopic	images	of	anatomical	structures	and	tissues	in	the	epidural	cavity.		The	mechanical	diagnostic	markers	of	epiduroscopy,	pain	reproduction	on	touch	and	patency	of	the	inferior	compartment	of	the	neural	foramen	were	found	to	be	of	critical	importance	in	this	investigation.	Several	investigators	have	reported	concordant	pain	on	touching	the	nerve	root	or	dorsal	 root	 ganglion	with	 the	 epiduroscope	 [11-13]	 but	 in	 our	 investigations,	 the	dura	 and	 DRG	 rarely	 show	 identifiable	 pathology	 and	 touching	 a	 nerve	 root	 or	dorsal	root	ganglion	generates	a	radicular	sensation	that	is	usually	not	concordant.	These	results	are	supported	by	observations	made	by	Wiberg,	Falconer	and	Kuslich	in	patients	who	had	open	 surgery	of	 the	 spine	under	progressive	 local	 anesthesia	[14-16].	In	these	studies,	radicular	pain	originated	from	a	compressed	nerve	root	or	DRG	 but	 back	 pain	 could	 be	 reproduced	when	 tissues	 in	 the	 lateral	 recess	 at	 the	level	 of	 the	 inferior	 compartment	 of	 the	 neural	 foramen	 were	 touched.	 Falconer	suggested	the	disc	as	the	site	from	where	back	pain	originates	[16],	but	findings	in	
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our	 investigations	 indicate	 that	 the	 disc	 is	 not	 a	 common	 cause	 of	 low	 back	 pain	since	putting	pressure	on	the	posterior	annulus	with	the	epiduroscope	is	usually	not	painful.	 Patency	 of	 the	 spinal	 canal	 and	 neural	 foramen,	as	 observed	 by	 a	 normal	distribution	of	contrast	material	using	selective	epidurography	or	confirmed	by	the	ability	 to	 pass	 the	 scope	 into	 specific	 areas	 of	 the	 spinal	 canal,	was	 found	 to	be	 a	highly	significant	diagnostic	marker.	In	general,	 inability	to	pass	the	scope	into	the	lateral	 recesses,	 independent	 of	 the	 cause,	 predicts	 a	 poor	 outcome.	 Ability	 to	advance	 the	 epiduroscope	 through	 a	 painful	 and	 inflamed	 appearing	 inferior	compartment	of	the	neural	foramen	is	an	accurate	predictor	of	good	outcome.	This	maneuver	 proved	 essential	 for	 treatment	 of	 low	 back	 and	 leg	 pain	 in	 this	investigation.	
	
8.2. There	 is	 no	 correlation	 between	 spinal	 pathologies	 observed	 by	
epiduroscopy	or	conventional	diagnostic	methods!	
	
The	vertebral	segment	from	which	low	back	pain	may	originate	was	determined	by	epiduroscopy,	 clinical	 evaluation	 and	 by	 MRI.	 	 In	 chapter	 five	 it	 was	 found	 that	results	of	these	diagnostic	methods	do	not	correlate.	 	This	implies	that	our	current	understanding	 of	 the	 anatomical	 and	 pathophysiological	 changes	 that	 lead	 to	 low	back	pain	 is	 incomplete.	 In	addition	 it	was	 shown	 that	 in	most	patients	a	discrete	area	in	the	epidural	cavity	could	be	identified	with	epiduroscopy,	where	pain	can	be	reproduced.		This	suggests	the	existence	of	specific	epidural	pathology	as	a	cause	of	non-specific	low	back	pain.		In	the	investigation	presented	in	chapter	four	and	five,	it	was	 found	 that	 these	painful	areas	are	most	often	 located	at	 the	 inferior	aspect	of	the	neural	 foramen	of	 the	 vertebral	 level	 of	 L5,	 sometimes	L4	and	 rarely	 at	 other	sites.			
Clinical	 evaluation	 vs.	 epiduroscopy.	 	 	 Several	 investigators	 have	 shown	 somatic	referral	 patterns	 that	mimic	 radicular	 pain	when	 a	 noxious	 stimulus	 is	 applied	 to	
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different	tissues	that	constitute	the	low	back	[17-21].		This	implies	that	radiating	leg	pain	is	multi-causal	or	idiopathic.	 	However,	the	investigation	presented	in	chapter	five,	suggests	that	in	most	patients	back	and	radiating	leg	pain	originates	from	one	well-defined	 area	 in	 the	 epidural	 cavity.	 This	 indicates	 that	 in	most	 patients	 back	pain	and	radiating	pain	has	a	single	cause	and	is	therefore	specific.	 	This	confusing	and	 conflicting	 result	 may	 be	 partially	 explained	 by	 the	 lack	 of	 specificity	 of	 the	clinical	 representation	 of	 epidural	 pathology	 –	 pain	 patterns	 originating	 from	 a	small	 region	 in	 the	 epidural	 space	 vary	 widely	 and	 do	 not	 follow	 a	 predictable	distribution	 among	 patients.	 	 Such	 a	 diversity	may	 be	 caused	 by	 nociceptive	 and	somatic	referred	pain	originating	from	sensitization	(e.g.	 through	inflammation)	of	different	 parts	 of	 the	 nerve	 plexus	 that	 covers	 the	 inside	 of	 the	 spinal	 canal	 and	neural	 foramen.	 This	 network	 is	 complex	 and	 has	 connections	 to	 ipsilateral	 and	contralateral	spinal	nerves	at	multiple	levels	[22-31].	
MRI	 vs.	 epiduroscopy.	 	 	MRI	 lacks	 specificity	 with	 respect	 to	 origin	 of	 pain	 in	 the	diagnosis	 of	 spinal	 pathology	 when	 compared	 to	 epiduroscopy.	 	 This	 is	 in	accordance	 with	 findings	 of	 others	 [8,	 9].	 	 Lack	 of	 correlation	 between	 MRI	 and	clinical	 evaluation	 and	 therefore	 also	 with	 epiduroscopy,	 has	 been	 shown	 in	 a	number	 of	 studies	 [32-43].	 MRI	 and	 epiduroscopy	 are	 different	 diagnostic	 tools.		MRI	describes	observable	spinal	pathology	often	associated	with	compression	of	a	nerve	 root	 or	 dorsal	 root	 ganglion.	 MRI	 is	 therefore	 more	 likely	 to	 diagnose	 the	precise	 location	 of	 the	 pathology	 in	 patients	 with	 true	 segmental	 radicular	symptoms.	 Response	 to	 touch	 during	 epiduroscopy	 is	 functional	 and	 can	 identify	painful	 areas	more	 diffuse	 in	 nature	 or	 too	 small	 for	 the	 discriminative	 power	 of	MRI.	Therefore,	epiduroscopy	may	diagnose	disease	 that	 is	not	directly	associated	with	 compression	of	 the	nerve	 root,	 such	as	pathology	 in	patients	diagnosed	with	non-specific	or	idiopathic	low	back	pain.	
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8.3. The	peridural	membrane	
8.3.1.	 	Controversies	and	consensuses	In	 chapter	 six,	 current	knowledge	 regarding	 the	peridural	membrane	 is	 examined	and	a	critical	review	of	the	embryology,	anatomy	and	function	of	the	membrane	is	given.			The	 embryology	 of	 the	 peridural	 membrane	 is	 not	 known.	 Discussion	 revolves	around	 periosteal	 versus	 meningeal	 origin	 of	 the	 peridural	 membrane,	 i.e.	 is	 the	peridural	 membrane	 a	 perichondrium	 derivative	 that	 partially	 detaches	 from	 the	wall	 of	 the	 spinal	 canal	 and	 becomes	 a	 distinct	membrane	 or	 is	 the	membrane	 a	separation	 of	 the	 mesenchyme	 that	 forms	 the	 meningeal	 layers	 and	 partially	attaches	to	the	wall	of	the	spinal	canal	during	embryological	development.	An	 attractive	 hypothesis	 is	 that	 perichondrium	 and	 outer	 layer	 of	 the	 primary	meninx	 are	 one	 and	 the	 same.	 Formation	 of	 venous	 channels	 separates	 this	 layer	into	 the	 peridural	membrane	 and	dura	mater	 to	 form	 the	 epidural	 cavity	 and	 the	epidural	venous	plexus	with	which	the	membrane	is	closely	associated	[44-47]	Discrepancies	in	reports	on	the	anatomy	of	the	peridural	membrane,	center	on	the	very	 existence,	 anatomical	 relations	 and	morphology	 of	 the	 peridural	membrane.	Indeed	existence	and	uniqueness	of	the	peridural	membrane	are	still	debated	[48]	.	However	 most	 investigators	 agree	 that	 a	 continuous	 and	 complete	 peridural	membranous	structure	exists	which	envelopes	the	neural	and	vascular	elements	of	the	spinal	canal.	 	The	peridural	membrane	has	variable	attachments	 to	 the	wall	of	the	 spinal	 canal	 and	 is	 also	 connected	 to	 the	 epidural	 vasculature,	 fat	 tissue	 and	ligaments.	 	 Description	 of	 the	 anatomical	 relations	 of	 the	 peridural	 membrane	within	the	neural	foramen	of	the	human	spine	is	incomplete	but	recently	Breit	et	al	gave	a	more	detailed	report	of	the	neural	foraminal	anatomy	in	animals	[49].			
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Morphological	 description	 of	 the	 peridural	membrane	 varies	widely.	 	 It	 has	 been	described	as	a	thin,	lacy	or	translucent	membrane,	only	one	or	two	cell	layers	thick	or	 as	 a	 tough,	 thick,	 double-layered	 fibrovascular	 sheath.	 Multiple	 dissections	performed	 by	 the	 author,	 indicate	 that	 the	 anatomic	 relations	 of	 the	 peridural	membrane	 are	 topological	 consistent,	 but	 that	 morphology	 and	 anatomical	dimensions	 of	 the	 membrane	 vary	 widely	 within	 the	 spinal	 canal	 and	 among	specimen	(See	figure	1).	
		
	 147	
Figure	1.		Peridural	membrane.		Lumbar	spine.		Coronal	view,	mid	pedicular	section.		D	 –	 dura.	 	DS	 –	 dural	 sleeve.	 	 IVD	 –	 intervertebral	 disc.	 	NR	 –	 nerve	 root.	 	 DRG	 –	dorsal	root	ganglion.		IC	–	infra-pedicular	compartment.		PE	–	peridural	membrane	evagination.	 	SC	–	supra-pedicular	compartment.	 	PDM	–	peridural	membrane.	 	PS	peridural	 membrane	 sleeve.	 	 PLL	 –	 posterior	 longitudinal	 ligament.	 	 (Artistic	representation).			The	function	of	the	peridural	membrane	is	not	known.	Several	reports	suggest	the	membrane	 has	 a	 supportive	 function	 and	 forms	 a	mechanical	 barrier	 against	 the	movement	 of	 tissues	 and	 fluids	 into	 and	 from	 the	 spinal	 canal.	 Indeed	 continuity,	completeness	 and	 tensile	 strength	 of	 the	 membrane	 have	 been	 demonstrated	 in	clinical	 and	 anatomical	 studies	 on	 vertebroplasty	 [50].	 	 Cement	 leaking	 from	 a	vertebral	 body	 is	 retained	 in	 a	 compartment	 that	 forms	 between	 the	 wall	 of	 the	spinal	 canal	 and	 the	 peridural	membrane	 [51].	 	 The	membrane	may	 also	 confine	extruded	disc	material,	epidural	hematoma	or	CSF	collections	from	arachnoid	tears	[32,	 52,	 53].	 	 In	 addition	 to	 a	mechanical	 function,	 it	 has	 been	 suggested	 that	 the	membrane	 may	 have	 a	 biological	 function	 and	 hinders	 spread	 of	 infectious	 or	neoplastic	 processes	 [52,	 54].	 	 Little	 attention	 has	 been	 given	 to	 the	 role	 the	membrane	 plays	 in	 the	 normal	 physiology	 of	 the	 epidural	 space.	 	 Presence	 of	efferent	nerve	 fibers	 in	 the	peridural	membrane,	 indicate	 that	 the	membrane	may	be	important	in	the	regulation	of	epidural	blood	flow	and	lymph	drainage.	Presence	of	afferent	nerve	fibers	suggests	that	the	membrane	has	sensory	function,	including	nociception	[55].	
	
8.3.2.	 	 	Sensitization	of	the	peridural	membrane	of	the	lumbar	spine	may	be	an	
important	cause	of	low	back	pain!	
Results	from	the	investigation	presented	in	chapter	seven	and	anatomical	dissection	of	 the	 spine	 of	 human	 cadavers	 suggests	 that	 low	 back	 pain	 originates	 from	 the	
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peridural	 membrane	 at	 the	 inferior	 and	 medial	 aspect	 of	 neural	 foramen	 of	 the	lumbar	spine.		The	objective	of	this	investigation	was	to	determine	if	this	membrane	contains	 neural	 elements	 suggestive	 of	 sensory	 innervation	 with	 nociceptive	function.	The	most	important	finding	of	the	investigation	was	the	presence	of	small	PGP	 9.5	 positive	 nerve	 fibers	 with	 nociceptive	 function	 based	 on	 CGRP	 and	substance	 P	 immunohistochemical	 results	 [56,	 57].	 This	 suggests	 a	 nociceptive	function	of	the	peridural	membrane	of	the	human	spine.			Few	studies	are	available	on	the	innervation	of	the	peridural	membrane.	 	Luschka,	Hovalaque	 and	 Bridge	 described	 autonomic	 and	 somatic	 nerve	 fibers	 in	 the	membrane	(Luschka	1850;	Hovelaque	1925;	Bridge	1995)[25,	31,	56,	58]	Kumar	et	al	demonstrated	immune	reactivity	to	CGRP	and	SP	of	nerve	fibers	in	the	peridural	membrane	of	 the	rat	 [55](Kumar	et	al.,	1996).	 	However,	 there	 is	 indirect	support	for	 presence	 of	 nociceptive	 nerve	 fibers	 in	 the	 peridural	 membrane	 from	 earlier	studies	into	the	innervation	of	the	spine.	Nerve	fibers,	sensory	and	nociceptive,	have	been	demonstrated	in	the	outer	layers	of	the	intervertebral	disc,	ligamentum	flavum,	dura	and	posterior	 longitudinal	 ligament	 [23,	26-28,	31,	59,	60].	 Since	a	peridural	membrane	 is	 not	 mentioned	 explicitly	 in	 any	 of	 these	 investigations,	 it	 is	conceivable	 that	 some	nerve	 fibers	 identified	 in	 these	 layers	were	actually	part	of	the	peridural	membranous	cover	of	these	structures.			Similar	histology	and	similar	distribution	of	nerve	fibers,	as	shown	by	immune	reactivity	with	PGP	9.5,	substance	P	and	CGRP	and	using	transmission	electron	microscopy,	has	been	demonstrated	in	other	 pain	 sensitive	 membranous	 structures	 such	 as	 periosteum,	 synovium	 or	peritoneum[61-65].	 	 Thus,	 a	 proposed	 function	 of	 the	 peridural	 membrane	 is	 to	generate	a	painful	response	to	injury	and	inflammation,	in	order	to	prevent	further	structural	damage	to	the	spine	when	the	joints	of	the	spine	are	excessively	stressed.	In	addition,	close	anatomical	relation	to	the	dura	mater	suggests	that	the	peridural	membrane	plays	an	 important	role	 in	the	protection	of	 the	vital	neural	 tissues	the	spine	contains.	
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8.4.			Common	Low	Back	Pain	Non-specific	low	back	pain	is	defined	as	low	back	pain	not	attributable	to	a	known	recognizable	 pathology.	 With	 the	 introduction	 of	 epiduroscopy	 a	 new	 diagnostic	tool	has	become	available	that	recognizes	known	pathology.		But	epiduroscopy	has	also	 identified	 new	 not	 previously	 described	 epidural	 pathology,	 in	 particular	pathology	of	a	 rarely	cited	anatomical	 structure	 -	 the	peridural	membrane.	 	 It	has	been	 shown	 that	 this	 membrane	 has	 nociceptive	 function.	 	 Inflammation	 and	sensitization	 of	 this	membrane	may	 therefore	 be	 an	 important	 cause	 of	 low	 back	pain.		Epiduroscopy	complements	rather	than	supports	conventional	imaging	tools,	but	is	new	 and	 rigorous	 statistical	 evaluation	 of	 the	 reliability	 of	 the	 procedure	 has	 not	been	 done.	 	 However,	 studies	 reported	 in	 this	 investigation	 (plus	 the	 systematic	evaluation	 of	 close	 to	 2000	 patients	 by	 the	 author)	 indicate	 the	 importance	 of	epiduroscopy	in	the	identification	of	epidural	pathology.	Indeed,	in	more	than	80%	of	patients	who	underwent	epiduroscopy,	a	specific	diagnosis	of	epidural	pathology	such	 as	 a	 sensitized	 peridural	 membrane,	 lumbar	 spinal	 stenosis	 or	 extensive	epidural	fibrosis	could	be	made.	At	our	institution,	epiduroscopy	is	not	performed	in	patients	who	respond	well	to	treatment	of	a	specific	cause	of	low	back	pain	such	as	lumbar	 radiculopathy,	 facet	 and	 sacroiliac	 joint	 arthropathy	 or	 myoneural	 pain.	Alternatively,	 when	 epiduroscopy	 is	 performed	 but	 a	 specific	 epidural	 pathology	cannot	 be	 identified,	 additional	 evaluation	 often	 leads	 to	 a	 specific	 diagnosis	 and	treatment	 of	 non-epidural	 causes	 of	 low	 back	 pain.	 Therefore	 inclusion	 of	epiduroscopy	in	the	diagnostic	toolkit	of	low	back	pain	may	increase	the	fraction	of	patients	 in	 whom	 low	 back	 pain	 can	 be	 attributed	 to	 a	 known	 recognizable	pathology	 to	 greater	 than	 90%.	 	 Furthermore,	 diagnostic,	 prognostic	 and	therapeutic	 results	 of	 epiduroscopy	 in	 conjunction	 with	 the	 anatomical	 analysis	presented	in	this	thesis	indicates	that	in	many	people	low	back	pain	may	originate	
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from	a	sensitized	peridural	membrane	at	a	specific	site	in	the	spinal	canal.		Thus,	in	patients	 diagnosed	with	 “non-specific”	 or	 “idiopathic”	 low	back	pain,	 pain	may	be	caused	by	a	specific	recognizable	pathology.	To	avoid	confusion,	it	may	be	preferable	to	 use	 the	 term	 “common	 low	 back	 pain”	 instead	 of	 “non-specific”	 or	 “idiopathic”	low	back	pain,	when	a	sensitized	peridural	membrane	is	suspected	to	be	the	cause	of	pain.			
	
Figure	2.		Venn	diagram:		Causes	of	low	back	pain.		
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8.5.		Future	research	Although	our	hypothesis	with	respect	to	the	pathophysiology	of	common	low	back	pain	has	 support	 from	basic	 and	 clinical	 sciences,	 the	 theory	 is	 far	 from	complete	and	several	ideas	and	concepts	need	verification	and	further	research.			First,	 correct	 interpretation	 of	 information	 with	 respect	 to	 the	 normal	 and	pathological	epidural	space	obtained	through	epiduroscopy	is	a	young	science	and	objective	anatomical	and	clinical	correlation	is	needed.	Second,	 a	 number	 of	 anatomical	 structures	 described	 in	 our	 research,	 require	further	study.	For	example,	many	 investigators	accept	 the	existence	of	a	peridural	membrane,	 but	 the	 detailed	 anatomy	 of	 the	 peridural	 membrane	 in	 the	 neural	foramen	is	by	no	means	clear.	The	three	dimensional	geometry	of	the	membrane	is	complex	and	 the	 relationships	with	 the	boundaries	of	 the	neural	 foramen	and	 the	epidural	 space,	 nerve	 roots,	 venous	 plexuses,	 lymph	 vessels	 and	 intra-foraminal	ligaments	need	further	definition.		The	operculum	of	Forestier	is	an	important	well-defined	 structure	 but	 its	 size	 and	 configuration	 are	 not	 well	 known.	 An	 internal	operculum	is	not	easily	 identified	on	microscopic	dissection,	but	a	variable	fibrous	reinforcement	of	the	peridural	membrane	and	the	closely	associated	venous	plexus	in	the	neural	foramen	can	often	be	observed.	Anatomical	relations	of	the	peridural	membrane	with	 the	anterior	and	posterior	epidural	venous	plexus,	 lymph	vessels,	ligaments	 and	 the	 opercula	 that	 constitute	 the	 compartment	 are	 complex.	 The	histology	 of	 the	 peridural	 membrane	 itself	 has	 not	 been	 studied	 in	 detail	 and	homology	with	perichondrium,	periosteum	or	synovium	needs	further	research.			Third,	many	aspects	of	the	pathophysiology	of	common	low	back	pain	need	further	investigation.	 	 For	example	 the	nociceptive	 role	of	 the	peridural	membrane	 in	 the	pathophysiology	of	 low	back	pain	 is	 supported	by	our	 research,	 but	 the	 source	of	inflammatory	 mediators	 and	 the	 exact	 location	 and	 nature	 of	 the	 inflammatory	response	 is	 not	 known.	 The	 question	 whether	 or	 not	 inflammatory	 mediators,	
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released	 from	 a	 distant	 damaged	 spinal	 structure,	 can	 sensitize	 the	 peridural	membrane	at	different	vertebral	level	remains.		Fourth,	 precise	 knowledge	 of	 the	 neural	 pathways	 of	 nociceptive	 signals	 may	explain	non-specific	back	pain	patterns	of	common	low	back	pain.	For	example,	the	sinu-vertebral	nerve	 innervates	 the	peridural	membrane	 in	 the	ventral	part	of	 the	spinal	canal,	while	the	posterior	ramus	of	the	spinal	nerve	may	innervate	the	dorsal	and	lateral	parts	of	the	peridural	membrane.		An	extensive	network	of	sympathetic	nerve	fibers	has	been	demonstrated	in	the	peridural	tissues.		Do	these	fibers	play	a	role	in	the	nociceptive	process?	Fifth,	 the	 thesis	 as	 presented	 above	 does	 not	 contradict	 conventional	 theory	 but	compliments	 it.	 	 	 Further	 investigation	 onto	 the	 relation	 between	 the	 different	diagnostic	tests	may	be	productive.	For	example,	the	geometry	of	clinical	significant	lateral	recess	stenosis	as	observed	through	epiduroscopy	may	have	a	characteristic	appearance	on	MRI.				Finally,	bearing	in	mind	the	protective	function	of	pain,	attenuation	of	common	low	back	pain	is	the	main	objective	of	this	research.	Further	research	and	development	of	methods	and	medications	that	treat	common	low	back	pain	effectively,	based	on	knowledge	of	anatomy	and	pathophysiology	rather	than	just	empirical	results,	may	provide	us	with	a	new	and	rational	approach	to	the	diagnosis	and	treatment	of	this	common	and	often	disabling	disease.			
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Summary	In	chapter	one	a	tissue	definition	of	low	back	pain	is	given	and	three	different	types	of	pain	are	discussed.	Low	back	pain	is	further	classified	in	specific	and	non-specific	or	 idiopathic	 low	 back	 pain.	 Clinical	 presentation,	 epidemiology,	 diagnosis	 and	treatment	of	non-specific	low	back	pain	are	reviewed.		Epiduroscopy	is	presented	as	a	relatively	new	tool	in	the	investigation	of	epidural	pathology.		Some	results	of	the	clinical	application	of	epiduroscopy	in	patients	with	non-specific	low	back	pain	are	discussed.	 The	 relevant	 anatomy	 of	 the	 neural	 foramen	 is	 described.	 	 Existing	literature	with	respect	to	a	peridural	membrane	of	the	spine	is	reviewed.	Results	 presented	 in	chapter	 two	 demonstrate	 that	 cell	 samples	 can	be	 obtained	from	specific	 areas	 in	 the	epidural	 space	using	 the	epiduroscope.	 	Cell	 types	were	identified	and	related	to	images	obtained	through	epiduroscopy.	
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In	chapter	 three	 it	 is	shown	that	sensitivity	and	specificity	of	epiduroscopy	in	the	evaluation	of	some	epidural	pathologies	may	exceed	those	of	conventional	imaging	methods	 such	 as	MRI	 or	 epidurography.	 	 	 Images	 obtained	 through	 epiduroscopy	and	resistance	to	scope	advancement	were	used	to	quantify	incidence	and	severity	of	epidural	fibrosis	in	patients	with	persistent	pain	after	back	surgery.	
In	chapter	four	it	is	shown	that	diagnostic	markers	obtained	through	epiduroscopy	predict	outcome	of	treatment	accurately.		In	this	investigation,	significance	of	visual	markers,	 hyperemia,	 vascularity	 and	 fibrosis,	 was	 found	 to	 be	 moderate.		Reproduction	of	back	pain,	by	 touching	 tissues	of	 the	 inferior	compartment	of	 the	neural	foramen	with	the	scope,	was	found	to	be	an	important	factor	in	the	diagnosis	of	otherwise	unspecified	epidural	pathology.	 	Patency	of	 the	 inferior	aspect	of	 the	neural	foramen,	as	demonstrate	by	passage	of	the	scope	into	the	para-spinous	space,	appeared	to	be	a	critical	factor	in	the	prediction	of	a	good	outcome	of	treatment.		
In	chapter	 five	 it	is	shown	that	the	diagnosis	of	the	vertebral	segment	from	which	low	 back	 pain	 originates	 is	 different	 for	 epiduroscopy,	 clinical	 evaluation	 or	MRI.	This	 implies	 that	 our	 current	 understanding	 of	 the	 anatomical	 and	pathophysiological	changes	that	lead	to	low	back	and	leg	pain	may	be	incomplete.	In	addition	it	was	found	that	when	epiduroscopy	is	used	to	evaluate	low	back	pain,	a	discrete	 painful	 area	 in	 the	 epidural	 cavity	 could	 be	 identified	 in	 the	majority	 of	patients.	 	 This	 suggests	 the	 existence	 of	 specific	 epidural	 pathology	 as	 a	 cause	 of	non-specific	or	idiopathic	low	back	pain.	 	In	this	investigation,	we	found	that	these	painful	areas	are	usually	located	at	the	vertebral	level	of	L5,	sometimes	L4	level	and	rarely	at	other	sites.			
In	 chapter	 six	 a	 critical	 review	 of	 the	 existing	 literature	 on	 the	 anatomy	 and	physiology	of	a	peridural	membrane	that	envelopes	the	contents	of	the	spinal	canal	and	 part	 of	 the	 neural	 foramen	 in	 the	 spinal	 canal	 is	 presented.	 Several	controversies	 with	 respect	 to	 the	 embryology,	 anatomy	 and	 function	 of	 the	peridural	membrane	are	discussed.	
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In	 chapter	 seven	 results	 from	 research	 into	 the	 anatomy	 of	 the	 human	 spine	 is	presented.		Anatomical	dissection	of	the	human	spine	was	used	to	obtain	segments	of	the	peridural	membrane.	Most	segments	were	dissected	from	the	inferior	aspect	of	 the	 neural	 foramen	 and	were	 evaluated	 for	 the	 presence	 of	 nerve	 fibers	 using	immunohistochemical	 techniques.	 	 It	 is	 shown	 that	 the	 membrane	 is	 well	innervated.	 	Many	 fibers	stained	positive	when	 labeled	with	antibodies	 that	 target	nociceptive	 nerve	 cells.	 	 This	 suggests	 a	 nociceptive	 function	 of	 the	 peridural	membrane.	
The	key	results	of	our	investigation	are	presented	in	chapter	8	and	discussed	in	the	context	of	currently	available	scientific	knowledge	of	the	pathophysiology,	diagnosis	and	 treatment	 of	 low	back	pain.	 To	 avoid	 confusion,	 it	 is	 suggested	 that	 the	 term	“Common	low	back	pain”	instead	of	“Non-specific”	or	“Idiopathic”	 low	back	pain	is	used	when	 a	 sensitized	peridural	membrane	 is	 suspected	 to	 be	 the	 cause	of	 pain.			Finally,	 a	 few	 suggestions	 for	 further	 research	on	 the	peridural	 origin	of	 common	low	back	pain	are	given.	
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Samenvatting	In	het	eerste	hoofdstuk,	wordt	een	weefsel	definitie	van	lage	rug	pijn	gegeven.		Drie	verschillende	 soorten	 rug	 pijn	 worden	 beschreven.	 	 Lage	 rug	 pijn	 wordt	 verder	geclassificeerd	in	specifieke	en	niet-specifieke	of	idiopathische	rug	pijn.		Een	overzicht	van	 de	 klinische	 presentatie,	 epidemiologie,	 diagnose	 en	 behandeling	 van	 niet-specifieke	of	idiopathische	lage	rug	pijn	wordt	gegeven.	Een	 relatief	 nieuw	 instrument,	 epiduroscopie,	 dat	 toegepast	 kan	 worden	 in	 het	onderzoek	naar	de	oorzaak	van	lage	rug	klachten,	wordt	geïntroduceerd.	Een	aantal	toepassingen	van	de	techniek	in	patiënten	met	lage	rug	klachten	worden	besproken.	Relevante	 anatomie	 van	 het	 intervertebraal	 foramen	 wordt	 beschreven.	 	 Een	overzicht	 van	 de	 bestaande	 wetenschappelijke	 literatuur	 met	 betrekking	 tot	 een	weinig	bekend	periduraal		membraan	wordt	gegeven.			In	 hoofdstuk	 twee	 word	 een	 toepassing	 van	 epiduroscopie	 gedemonstreerd.	 De	endoscoop	wordt	gebruikt	om	cel	weefsel	te	verkrijgen	van	specifieke	locaties	in	de	epiduraal	 ruimte.	 	 De	 cel	 typen	 worden	 geïdentificeerd	 en	 gerelateerd	 aan	endoscopische	 beelden	 van	 de	 locatie	 in	 de	 epiduraal	 ruimte	 waar	 de	 cellen	verkregen	zijn.		In	 hoofdstuk	 drie	 word	 gesteld	 dat	 in	 de	 evaluatie	 van	 verschillende	 epidurale	pathologiën	 de	 sensitiviteit	 en	 specificiteit	 van	 epiduroscopie	 	 de	 conventionele	methoden	 zoals	MRI	 en	 epidurografie	 kan	 overtreffen.	 	 Epiduroscopische	 beelden	van	 epidurale	 fibrose	 en	 de	 mate	 van	 weerstand	 tegen	 het	 plaatsen	 van	 de	endoscoop	wordt	gebruikt	om	het	voorkomen	en	de	ernst	van	epidurale	fibrose	te	kwantificeren	in	patiënten	met	rug	klachten	na	open	rug	operaties.			
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In	 hoofdstuk	 vier	 wordt	 laten	 zien	 dat	 men	 met	 het	 gebruik	 van	 zekere	diagnostische	 parameters,	 verkregen	 door	 epiduroscopie,	 de	 uitkomst	 van	behandeling	 met	 epiduroscopie	 goed	 te	 voorspellen	 is.	 In	 dit	 onderzoek	 werd	gevonden	dat,	de	significantie	van	visuele	informatie	zoals	hyperemie,	vasculariteit		en	fibrose	middelmatig	is.		Reproduceerbaarheid	van	rug	pijn,	veroorzaakt	door	het	aanraken	 van	 weefsels	 met	 de	 epiduroscoop,	 schijnt	 een	 belangrijke	 factor	 in	 de	diagnose	 van	 verder	 niet	 gespecificeerde	 epidurale	 pathologie	 te	 zijn.		Toegankelijkheid	van	het	caudale	deel	van	het		intervertebraal	foramen,	aangetoond	door	de	mogelijkheid	om	de		epiduroscoop	in	de	para-spinale	ruimte	te	plaatsen,	is	een	 kritische	 factor	 in	 de	 voorspelbaarheid	 van	 een	 goede	 uitkomst	 van	 de	behandeling.	
In	hoofdstuk	vijf	wordt	aangetoond	dat	het	vertebrale	segment	waar		de	oorsprong	van	lage	rug	pijn	gediagnostiseerd	kan	worden,	verschillend	is	voor	epiduroscopie,	klinische	 evaluatie	 en	 MRI.	 	 	 Dit	 betekent	 dat	 onze	 huidige	 kennis	 van	 de	anatomische	 en	 pathofysiologische	 veranderingen	 die	 tot	 rug	 klachten	 leiden	 niet	volledig	 is.	 	 Daarnaast	wordt	 	 ook	 laten	 zien	 dat	wanneer	 epiduroscopie	 gebruikt	word	in	de	evaluatie	van	 	de	meeste	patiënten	met	 lage	rugklachten,	een	bepaalde	pijnlijke	 locatie	 in	 de	 epiduraal	 ruimte	 gevonden	 kan	worden.	 	Dit	 suggereert	 dat	een	specifiek	epidurale	pathologie	de	oorzaak	is	van	niet-specifieke	of	idiopathische	lage	 rug	 pijn.	 	 In	 dit	 onderzoek	word	 laten	 zien	 dat	 de	 locaties	 van	 deze	 pijnlijke	plekken	 meestal	 gevonden	 worden	 ter	 hoogte	 van	 het	 wervel	 lichaam	 van	 L5	 of	soms	L4,		maar	zelden	ergens	anders.	
In	Hoofdstuk	zes	word	een	kritisch	overzicht	gegeven	van	de	bestaande	 literatuur	over	de	anatomie	en	de	fysiologie	van	een	periduraal	membraan	dat	de	inhoud	van	het	 spinale	 kanaal	 en	 een	 deel	 van	 het	 intervertebraal	 foramen	 omgeeft.		Verschillende	 controversies	 met	 betrekking	 tot	 de	 embryologie,	 anatomie	 en	fysiologie	worden	besproken.	
In	 het	 onderzoek	 gepresenteerd	 in	 hoofdstuk	zeven,	werd	 anatomische	 ontleding	van	 de	 wervel	 kolom	 toegepast	 om	 segmenten	 van	 de	 periduraal	 membraan	 te	
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verkrijgen.	 	 	 De	 meeste	 segmenten	 kwamen	 van	 het	 caudale	 gedeelte	 van	 het	intervertebraal	foramen	en	zijn	onderzocht	naar	de	aanwezigheid	van	zenuw	vezels.	Er	 word	 gebruik	 gemaakt	 van	 immunohistochemische	 technieken.	 Aangetoond		wordt	dat	de	membraan	een	overvloedige	innervatie	bezit.		Zenuw	vezels	reageren	positief	met	 antilichamen	 tegen	pijn	 gevoelige	 zenuw	cellen.	 	Dit	 indiceerd	dat	 de	periduraal	membraan	pijn	gevoelig	is.	
De	belangrijkste	resultaten	van	dit	onderzoek	worden	gepresenteerd	 in	hoofdstuk	
acht	 en	 besproken	 in	 de	 context	 van	 onze	 huidige	 kennis	 van	 de	 pathofysiologie,	diagnose	en	behandeling	van	 lage	 rug	pijn.	Om	verwarring	met	betrekking	 tot	 the	naamgeving	 van	 rugklachten	 te	 voorkomen,	 wordt	 er	 gesuggereerd	 dat	 de	 term	“Gewone	 Lage	 Rug	 Pijn”	 gebruikt	 wordt	 in	 plaats	 van	 “Niet-specifieke”	 of	Idiopathische”	 lage	 rug	pijn,	wanneer	 een	gesensitiseerd	periduraal	membraan	de	mogelijke	 oorzaak	 is	 van	 lage	 rugpijn	 .	 Als	 laatste,	 worden	 een	 aantal	 suggesties	voor	verder	onderzoek	naar	de	peridurale	origine	van	lage	rug	pijn	gegeven.	
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	 162	
 
 
 
 
 
CURRICULUM VITAE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	 163	
Hemmo Alexander Bosscher was born January 25th 1959 in Amersfoort, The Netherlands.  
He completed his medical school at the Vrije Universiteit in Amsterdam obtaining his 
medical degree in 1988. He did an internship in internal medicine at the Veteran 
Administration, Georgetown University, in Washington D.C. and residency in 
Anesthesiology at the University of Massachusetts in Worcester. He received additional 
fellowship training in pediatric anesthesiology at the Hospital for Sick Children in 
Toronto, Canada and cardiac anesthesiology at the Antonius Hospital in Nieuwegein, The 
Netherlands. In1997 Dr. Bosscher took a position as assistant professor in anesthesiology 
at Texas Tech University in El Paso, Texas. However, interest in the treatment of chronic 
pain changed his career path. After completing a pain management fellowship at Texas 
Tech University in Lubbock, Texas, he started a successful private pain management 
practice in Lubbock, but has kept a clinical appointment at Texas Tech University and is 
currently associate professor there. Since 2014, his practice is part of the Grace Health 
System in Lubbock.  
Dr. Bosscher’s ongoing research involves the endoscopic evaluation of the spine in 
patients with low back pain. With the late Dr. James E. Heavner, DVM, FIPP, he 
published a series of papers and has given a number of presentations on the topic. He is 
currently a member of the American Society of Anesthesiologists, World Institute of Pain, 
and American Society of Anatomists. He is also active as a workshop instructor and 
examiner for the Federation of Interventional Pain Physicians and the Texas Pain Society. 
Hemmo and his wife, Karen, of twenty-four years have two children, Michelle and 
Jennifer and a grand son Jayden. Hemmo’s interests outside the realm of pain 
management are music, mathematics and golf. 
 
 
 
 
 
 
 
 
	 164	
 
 
 
 
 
 
 
 
     LIST OF PUBLICATIONS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	 165	
1. Komi H, Bosscher HA, Rusy BF. “Effect of ketamine on cold contractures in rabbit 
ventricle muscle”.  
Anesthesiology, 1989, A506. 
 
2. Rusy BG, Amuzo J, Bosscher HA, Redon D, Komai H. “Negative inotropic effect of 
ketamine in rabbit       ventricle muscle”. Anesthesia & Analgesia, 1990; 275-8. 
 
3. Bosscher HA, Heard SO. “Burning Bridges: Neuromuscular blocker use and tracheal 
intubation in trauma patients”. Chest 1994 158S. 
 
4. Vijayakumar E, Bosscher HA, Renzi HA, Renzi FP, Baker S, Heard SO. “ The use of 
neuromuscular blocking agents in the emergency departments to facilitate tracheal 
intubation in the trauma patient: help or hindrance”. Journal of Critical Care, 3/1998, 13 
(1): 1-6. 
 
5. Bosscher, HA. “Blockade of the superior hypogastric plexus block for visceral pelvic 
pain”. Pain Practice. 2001 June; 1 (2): 162-70. 
 
6. Kaye AD, Gevirtz C, Bosscher HA, Duke JB, Frost EA, Richards TA, Fields AM. 
“ Ultrarapid opiate detoxification: a review”. Canada Journal of Anesthesia. 2003 Aug-
Sept; 50(7): 663-71. Review.  
 
7. Heavner JE, Bosscher HA, Dunn D, Lehman T. “Xanthosis in the spinal epidural space 
– an epiduroscopy finding”. Pain Practice. 2004 March; 4(1): 39-41.  
 
8. Shah RV, Bosscher HA. “ Percutaneous vertebroplasty through a transdiscal access     
route after lumbar transpedicular instrumentation”. Spine Journal. 2005 March- April; 
5(2): 226-8; author reply 228-9.  
 
9. Heavner JE, Wyatt DE, Bosscher HA. “Lumbosacral epiduroscopy complicated by 
intervascular injection”. Anesthesiology. 2007 Aug: 107(2): 347-50. 
 
10. Heavner JE, Bosscher HA. “ Epiduroscopy and radiation exposure”. Regional 
Anesthesia Pain Medicine. 2009 Jan-Feb; 34(1): 79; author reply 79.  
 
11. Heavner JE, Bosscher HA, Wachtel MS. “Cell types obtained from the epidural space 
of patients with low back pain/ radiculopathy”. Pain Practice. 2009 May-June; 9 (3): 
167-72.  
 
12. Bosscher HA, Heavner JE. “Incidence and severity of epidural fibrosis after back 
surgery: An endoscopic study. Pain Pract. 2010 Jan-Feb;10(1):18-24 
 
13. Ansari S, Heavner JE, McConnell DJ, Azari H, Bosscher HA. “The peridural 
membrane of the spinal canal: a critical review. Pain Pract. 2012 Apr;12(4):315-25.  
	 166	
14. Bosscher HA, Heavner JE. “Diagnosis of the vertebral level from low back or leg 
pain originates. A comparison of clinical evaluation, MRI and epiduroscopy.” Pain Pract. 
2012 Sep;12(7):506-12.  
 
15. Racz GB, Heavner JE, Bosscher H, Helm S 2nd. “The MILD procedure” Pain Pract. 
2013 Sep;13(7):594-6.  
 
16. Bosscher HA, Heavner JE. “Lumbosacral epiduroscopy findings predict treatment 
outcome”.  Pain Pract. 2014 Jul;14(6):506-14.  
 
17. Bosscher HA, Heavner JE. “Treatment of Common Low Back Pain: A New 
Approach to an Old Problem”. Pain Pract. 2015 Jul;15(6):509-17.  
 
18. Innervation of the peridural membrane of the human spine. HA Bosscher, JE Heavner. 
Anesthesiology. ASRA 13th Annual Pain Medicine Meeting. San Francisco, CA, 
November 2014. 
 
19. Treatment of common low back pain with the PACIF procedure. A retrospective 
study of 77 patients. HA Bosscher, JE Heavner.  ASRA 13th Annual Pain Medicine 
Meeting. San Francisco, CA. November 2014. 
 
20.  PACIF: a new approach to the treatment of common low back pain. HA Bosscher, JE 
Heavner. ASRA 13th Annual Pain Medicine Meeting. San Francisco, CA. November 
2014. 
 
21. The peridural membrane of the human spine is well innervated. Bosscher HA, 
Heavner JE, Grozdanov P, Warraich I, Wachtel M, Dertien J. The Anatomical Record. 
2016 Apr;299(4):484-91.   
 
 
 
 
Book Chapters 
 
Epidural Steroids.  Bosscher  HA, Gitlin MG, Kaye AD.   Chapter 34.  P. Prithvi Raj’s  
Textbook of regional Anesthesia.  Churchill Livingstone 2002. 
 
Epiduroscopy.  Heavner JE, Bosscher HB, Anderson A. Chapter 30. Interventional pain 
management procedures.    P. Prithvi Raj. 2nd edition. Saunders 2008. 
 
Epidural Steroids.  Bosscher  HA, Gitlin MG, Kaye AD.   Chapter 21.  P. Prithvi Raj’s  
Pain medicine. A comprehensive review.  2nd edition. Mosby 2008. 
 
Lumbosacral Epiduroscopy. Heavner JE, Bosscher HA.  Chapter 50.  Regional nerve 
blocks in anesthesia and pain therapy.  Jankovic D, Peng P. Springer 2015. 
	 167	
 
 
 
 
 
 
Acknowledgements 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	 168	
 
Writing this thesis would not have been possible if it wasn’t for the effort and patience of 
a very long list of educators. From teachers of foreign languages, allowing me to read old 
German and French manuscripts, to teachers of mathematics and physics enabling me to 
analyze (simple) fluid dynamics in the epidural space, to the professors at my medical 
school in Amsterdam, who taught me medicine and sparked my interest in research, to 
the anesthesiologists who taught me fiberoptic endoscopy as well as the legion of 
professors, doctors, researchers, nurses and technicians in Holland, England, Canada and 
the USA, providing me with knowledge and invaluable “know how”.  It will be 
impossible to mention each and everyone, but understand that my immense gratitude to 
all is implicit in this writing. 
 
It was Professor Kris Vissers who decided that my research was worth the writing of a 
thesis. Without Kris there would not have been one. He guided me, an older than usual 
candidate and a physician already set in his ways, through the process with expertise and 
the finesse. Amazing job. Thank you Kris. 
 
Just like Profesor Vissers, Professor Gabor Racz has been and still is important in many 
people’s life. An icon in the world of pain management, he has trained many fellows to 
become top notch pain physicians. Dr. Racz is a keen and original thinker who has 
created an educational environment where new thoughts and ideas are encouraged rather 
than stifled. I could not have been more fortunate than ending up in your program. Thank 
you Gabor. 
 
 
There are many others who need mentioning: Professor Miles Day, a very good educator, 
Susan Anderson, who taught me epiduroscopy, Craig Hartrick who gave our work a fair 
chance, Claude Lobstein, head of the anatomy lab, providing me with hundreds of 
specimen, Professor Dunn, Chairman of pathology at Texas Tech University, Petar 
Grozdanov, research PhD in biochemistry and cell biology, Dr. Monique Steegers for 
liking my thesis, Paula Brashier, Leland Lou, John D. Wasnick, chairman of the 
	 169	
Anesthesiology Department at Texas Tech and all the people in my office.  Thank you 
and all others I didn’t mention but should have. 
 
Over the years there a have been a number of people who were instrumental in my life, 
career and eventually the writing of this thesis, but who are unfortunately not with us 
anymore: 
 
Professor Prithvi Raj’s name will forever be associated with the development of regional 
anesthesia, pain management and education. He was the great attractor for me to come to 
Lubbock and become a pain physician.  Indeed I had the great privilege to receive direct 
instruction from him during and after my fellowship in Lubbock.  
 
Professor Doctor Gary Welch was my chairman at UMass, my colleague in El Paso and 
Lubbock and mentor and friend throughout my career.  Without Gary none of this would 
have been possible to begin with. 
 
Larry Williamson, radiology technician and head of the radiology section of the operating 
room at UMC in Lubbock. His help with developing new techniques in the OR was 
invaluable. He developed Lou Gehrig’s Disease and died at a young age. 
 
Professor. Dr. James Heavner, teacher, research partner and friend.  We shared a passion 
for epiduroscopy and research. Jim taught me scientific rigor but also encouraged original 
thought. The combination was just right. Our ensuing journey through the world of 
discovery was amazing. We spend countless hours discussing our findings in the 
operation room and the anatomy lab, but we also talked economics, politics and anything 
else that caught our interest and became good friends.  His early death was a great loss to 
me and to many others. 
 
	 170	
My father, Jo Bosscher, followed my work and progress with great interest. He was an 
engineer, not a physician, but his questions were always sharp and thought provoking. He 
is missed, but then one’s father is never quit gone. 
 
I would like to thank my mother, Rini Bosscher, my brother Richard, my sister Thaila 
end my sister Edmee. It takes a family. 
 
Finally, this work would not have had any value without my daughters, Michelle and 
Jennifer, my grandson Jayden and my wife Karen.  Dear Karen, thank you for your deep 
understanding and your unwavering support. 
 
 
 
 
 
 
 
 
 				
	
		
